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1 
 
Abstract 
 
The automotive industry developments focused on increasing fuel 
efficiency are accomplished by weight reduction of vehicles, which 
consequently results in less negative environmental impact. Usage of low 
density materials such as Magnesium alloys is an approach to replace 
heavier structural components. One of the challenges in deformation 
processing of Magnesium is its low formability attributed to the hexagonal 
close packed (hcp) crystal structure. The extrusion process is one of the 
most promising forming processes for Magnesium because it applies a 
hydrostatic compression state of stress during deformation resulting in 
improved workability. Many researchers have attempted to fully 
understand solid state bonding during deformation in different structural 
materials such as Aluminum, Copper and other metals and alloys. There is 
a lack of sufficient understanding of the extrusion welding in these 
materials as well as very limited knowledge on this subject for hollow 
profiles made from Magnesium alloys. The weld integrity and the 
characteristic of the welding microstructure are generally unknown. In this 
dissertation three related research projects are investigated by using 
different tools such as microstructure characterization, mechanical testing, 
thermo-mechanical physical simulation and finite element numerical 
modeling. Project 1: Microstructure characterization supported by 
mechanical testing of the extrusion welding regions in Magnesium alloy 
2 
 
AM30 extrudate. The microstructure characterization was conducted using 
Light Optical Microscopy (LOM), in addition to LOM the electron 
backscattered diffraction (EBSD) technique was implemented to 
characterize in depth the deformed and welded microstructure.  
Project 2: Finite element numerical simulation of AM30 extrudate to 
model different process parameters and their influence on localized state 
variables such as strain, strain rate, temperature and normal pressure 
within the weld zone.  
Project 3: Physical simulation of the extrusion welding by using Gleeble 
3500 thermo-mechanical simulator to create deformation welds in 
Magnesium alloy AM30 samples in compression test under various 
temperatures and strain rates conditions. 
Based on the obtained results from the performed research projects and 
literature review, a new qualitative criterion of extrusion welding has been 
introduced as contribution to the field. The criterion and its analysis have 
provided better understanding of material response to processing 
parameters and assisted in selecting the processing windows for good 
practices in the extrusion process. In addition, the new approach 
contributed to better understanding and evaluating the quality of the solid 
state bonding of Mg alloy. Accordingly, the criteria help to avoiding 
formation of potential mechanical and metallurgical imperfections. 
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1. Introduction:  
1.1 Motivation 
 
The automotive industry developments in increasing the fuel 
efficiency are accomplished by weight reduction of vehicles, which 
consequently result in less negative environmental impact. Magnesium is 
considered one of the lightest metals for structural usage in automotive 
industry. It has low density of 1.7g/cm
3
, only two third of Aluminum 
density. The global consumption of Magnesium alloys in automotive 
industry reached 214,000 tons in 2012 [1] (see Figure ‎1-1).  It was 
reported in 2006 that the growth rate in the consumption of Magnesium 
was around 10-15 % per annum [2]. The average weight of Magnesium is 
around 10-12 lbs in the U.S.‎car’s‎weight‎of an average 3,360 lbs, which is 
considered small in comparison to Steel/ Cast Iron of 2,150 lbs, 
Aluminum of 280 lbs and plastics of 260 lbs. There is a strategic goal [2] 
to increase the total average vehicle Magnesium content to 350 lbs by year 
2020, which is equal to 340 lbs increase that will replace 630 lbs of 
ferrous and/or Aluminum parts. This substitution will reduce the car 
weight by around 290 lbs and will result in consequently less energy 
consumption and less environmental impacts.  Magnesium is used also in 
motorcycles, aircrafts, electronic devices such as personal computers, cell 
phones and laptops etc.  
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1.2 Magnesium and its alloys 
 
Magnesium has interesting advantages but also has some 
disadvantages as an engineering structural material in comparison to Steel 
and Aluminum. The advantages are high specific strength, suitable for die 
casting, good machinability in high speed and good weldability in certain 
atmospheric conditions [3]. In comparison to polymer materials, 
Magnesium has better mechanical properties, better thermal conductivity 
and it is recyclable. On the other hand, Magnesium has some 
disadvantages such as limited corrosion resistance in some application [3], 
low elastic modulus around 45GPa in comparison with other light metal 
Aluminum has 69GPa and Iron has  207 GPa.  
 
 
Figure ‎1-1. Global Automotive Magnesium Alloys Consumption, 2008-
2015 (estimated)  [1] 
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Magnesium is a crystalline material with hexagonal closed pack 
(HCP) crystal structure. It exhibits more brittle behavior compared to 
other crystal structures such as face centered cubic (FCC) and body 
centered cubic (BCC). This behavior is attributed to  the deformation 
mechanisms in HCP metals [4]. In terms of workability, Magnesium 
deformation is limited under cold working conditions. To overcome this 
limitation it is recommended to deform Magnesium and its alloy at 
elevated temperature 200°C- 400°C. However, Magnesium has limited 
strength and creep resistance at these temperatures [3]. It is well known 
that deformation in metals occurs as a result of slip or twinning. In HCP, 
at room temperature, the number of independent activated slip systems is 
limited to two. According to von Mises yield criterion, five independent 
systems are needed for a homogeneous deformation [5]. The crystal tends 
to be deformed by twinning rather than slipping. The slip can occur along 
the basal planes (0001) where the slip directions are perpendicular to c-
axis of the crystal. However, this will not allow for contraction or 
extension of the c-axis. To accommodate for the crystal shape change 
during deformation, Magnesium prefer to twin on }2110{  planes to extend 
the c-axis, or twin on the }1110{  planes followed by re-twinning on the 
}2110{ planes to contract the c-axis [5][6].  The formability of the 
Magnesium alloys can be increased by the hot working at elevated 
temperature above 200°C where the activation of additional slip systems 
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such as pyramidal one at 0211}0111{  and/or prismatic one at 1021}0110{  
and 3121}1221{  <c+a> occurs see Table ‎1-1 [7][8].   
Table ‎1-1. Slip systems and twining system in HCP crystal structure [8] 
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Like most pure metals Magnesium does not have a high strength. So 
it is alloyed with other elements in order to modify its mechanical 
properties. However, The limited solubility of alloying elements in 
Magnesium is curbing the improving of the mechanical properties and 
chemical behavior [3].  
 ASTM International has designated Magnesium alloys based on 
chemical composition and tempers [9] as follows: using AZ91E-T6 as an 
example, first part, indicates the two principal alloying elements consists 
of two code letters representing the two main alloying elements arranged 
in order of decreasing percentage (or alphabetically if percentages are 
equal). A-aluminum B-bismuth C-copper D-cadmium E-rare earth F-iron 
G-magnesium H-thorium K-zirconium L-lithium M-manganese N-nickel 
P-lead Q-silver R-chromium S-silicon T-tin W-yttrium Y-antimony Z-
zinc. [9] 
The second part indicates the amounts of the two principal alloying 
elements. It consists of two numbers corresponding to rounded-off 
percentages of the two main alloying elements and arranged in the same 
order as alloy designations in the first part [9]  
 The third part, distinguishes between different alloys with the same 
percentages of the two principal alloying elements. A- first compositions, 
registered ASTM B- second compositions, registered ASTM C- third 
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compositions, D- high purity, registered ASTM E- high corrosion 
resistant, registered ASTM X1- not registered with ASTM 
The fourth part, indicates condition (temper). It consists of a letter 
followed by a number (separated from the third part of the designation by 
a hyphen). F- as fabricated O- annealed H10 and H11- slightly strain 
hardened H23, H24, and H26- strain hardened and partially annealed T4- 
solution heat treated T5- artificially aged only T6- solution heat treated 
and artificially aged T8- solution heat treated, cold worked, and artificially 
aged [9]. 
Mg-Al-Zn system is the most principal materials in Magnesium 
casting alloy used in ambient temperature [6]. It has been found that 
addition of 3% Aluminum improves the extrudability of the alloy [10]. 
Although, it is easier to cast Aluminum alloys that have 5%- 6% due to the 
wide freezing range. However, this will affect the extrudability due to the 
increased hardness [10]. The role of Zinc in Magnesium alloys is to 
increase the strength of the Magnesium. However, Zinc decreases the 
ductility and increases the hot shortness [10]. Also, It is has been reported 
that Zinc have effects to accelerate the corrosion rate. 
 During‎ the‎ late‎ 1990’s‎ the most Magnesium alloys used in the 
metal forming were processed by extrusion and forging [11]. The most 
typical extrusion alloys are AZ61 (Mg-6Al-1Zn), ZK60 (Mg-6Zn-0.6Zr), 
while forging alloys are AZ80 (Mg-8Al-0.5Zn) and ZK60.  
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Recently, as reported in [12] AZ31(Mg-3Al-1Zn) is the common 
alloy used in metal working. According to Busk et.al AZ31 can be 
extruded faster than AZ61 (Mg-6 Al-1 Zn) and ZK60 (Mg-6  Zn-0.5 Zr) 
[13]. However, AZ31 alloy does not meet some specific properties and 
production requirement of the extrusion process for selected shapes that 
have been commonly used in the automotive industry.  
In early 21
st
 century, General Motors has developed and introduced 
a new Magnesium alloy AM30 [10] which provides a good combination 
of ductility, strength, extrusion speed and corrosion resistance. Table ‎1-2 
shows the chemical composition of standard AZ31 and new AM30 alloys 
presenting their chemistry. The amount of Zinc in AM30 is significantly 
reduced from 1.05 % to 0.16% to improve the ductility.  
 
 Table ‎1-2. The Chemical Compositions of Magnesium alloys AZ31 and 
AM30 (Weight Percent) [10] 
 
Alloy Al Mn Zn Fe Ni Cu 
AZ31 3.1 0.54 1.05 0.0035 0.0007 0.0008 
AM30 3.4 0.33 0.16 0.0026 0.0006 0.0008 
 
The addition of Manganese is commonly used in Magnesium alloys 
as an additive [14]. This addition improves the corrosion resistance of Mg-
Al alloys. However, it does not change yield strength but it increases the 
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tensile strength as shown in Figure ‎1-2. Also, the ductility has increased 
about 50% AM30 at room temperature [10].  
 
Figure ‎1-2. Typical tensile curves of AM30 and AZ31 alloy at room 
temperature [10]. 
 
The effect of temperature on the yield strength is shown in 
Figure ‎1-3. It can be seen that AM30 exhibits lower yield strength in 
comparison to AZ31 at different temperatures. However, at room 
temperature AM30 has higher ductility than AZ31 (see Figure ‎1-4) which 
leads to higher extrudability [10].  
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Figure ‎1-3. The effect of the temperature on the yield strength of AM30 
and AZ31 alloy [10] 
 
 
Figure ‎1-4. The effect of the temperature on elongation of AM30 and 
AZ31 alloy [10] 
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1.3 Extrusion 
 
Extrusion is a process in which wrought products are formed by 
forcing a billet through a die opening with a required shape [15]. There are 
many classifications of the extrusion process based on temperature, 
lubrication and relative motion between the ram and the billet.  
1.3.1 Extrusion Types 
 
In terms of temperature, there is hot extrusion where the process is 
performed at elevated temperature above recrystallization temperature 
which is about 0.6 of the material melting temperature on the absolute 
scale. In contrast, the cold extrusion for most of the metals and alloys is 
performed at room temperature or close to it. Finally, warm extrusion is 
performed above the room temperature and below the recrystallization 
temperature where the process parameters can be optimized to combine 
the advantages of both cold and hot work. Some materials cannot be 
formed by cold extrusion especially when the shape is too complex. The 
hot extrusion process is used to produce different solid and hollow shapes 
such as rods, bars, tubes, strips and wires. 
The second classification is based on the lubrication. As a 
consequence of that, there are three different types [16]. 
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 1) Nonlubricated extrusion process where a flat-face die is used and 
the billet is pushed inside the container where the dead metal zones are 
formed between the container and the die as shown in Figure ‎1-5 a. 
 2) Lubricated extrusion where a suitable lubricant is used between 
the billet, the container and the die Figure ‎1-5 b. 
 3) Hydrostatic extrusion in which a fluid layer under a pressure 
would deforms the material and pushes it through the die Figure ‎1-5 c. 
 
 
 
Figure ‎1-5. Schematic illustrations showing the major difference between 
(a) nonlubricated extrusion, (b) lubricated extrusion, and (c) hydrostatic 
extrusion processes [16] 
 
Based on the relative motion between the billet and the tolling, there 
are three extrusion types. The first type is direct extrusion where the billet 
is pushed through die in the same direction of the ram as shown in 
Figure ‎1-6a. However, in the second type- indirect extrusion- process, the 
billet is being pushed in the opposite direction by the ram with installed 
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die as shown in Figure ‎1-6b. Accordingly, the friction between the 
container and the billet in the direct extrusion is higher than the indirect 
extrusion and consequently more energy is required to performed the 
process (see Figure ‎1-7). To take advantage of the friction force there is 
another method called indirect extrusion with active force where the 
container and the billet are moving with different speeds. This creates  a 
unidirectional metal flow and  exploits the friction force [17]. 
 
 
Figure ‎1-6. (a) direct extrusion and (b) indirect extrusion [15]  
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Figure ‎1-7.  Variation of load or pressure as a function of  ram travel for 
both direct and indirect extrusion process. A, work of upsetting; B, work 
to initiate deformation; C, work of deformation; D, work needed to 
overcome friction and shearing in direct extrusion. [16][18] 
 
 
 
There are different shapes of extrusion profiles. Mainly they are 
classified in to two types: 1) solid shapes 2) tubes and hollow shapes [18]. 
The solid shapes are produced by direct or indirect extrusion. It can be 
seen from Figure ‎1-7 that indirect extrusion consumes more work to 
overcome the friction and shearing between billet and container. The 
typical die configuration by using feeder plate die as shown in Figure ‎1-8 
is used to balance the metal flow and also to make a continuous extrusion. 
While solid die have a bearing length which control size, shape, finish, 
and speed of extrusion where (see Figure ‎1-9) [18].   
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Figure ‎1-8. Tooling configuration in direct extrusion process with feeder 
plate die for softer alloy. 1, feeder plate; 2, die; 3, backer; 4, die ring; 5, 
bolster; 6, pressure pad; and 7, fixed dummy [18]  
 
 
Figure ‎1-9. Tooling configuration in direct extrusion processing with a 
solid die for harder alloy. 1, solid die; 2, backer; 3, die ring; 4, bolster; 5, 
pressure pad; and 6, floating dummy [18] 
 
On the other hand, hollow sections and tubes are extruded by using 
two different tolling configurations, a die with mandrel or using a porthole 
die. By using a die with mandrel the material is pushed by the stem and 
the mandrel inside the container where a seamless tube is formed (see 
Figure ‎1-10. However, porthole die is used to extrude a profile with 
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welding joint occurs in a welding chamber as shown in Figure ‎1-11. 
Usually a porthole die is used for more complex hollow sections while a 
die with mandrel used for simpler shapes such as thick tubes. 
 
 
Figure ‎1-10. A die with mandrel configuration to produce hollow profiles 
[18] 
 
In a hollow-section extrudate such as shown in Figure ‎1-11, a billet 
was extruded through a porthole die presented in Figure ‎1-12 where billet 
material is separated by die arms into strands and then re-joined together 
by high temperature and pressure in the welding chamber within the 
porthole die. This joining process occurs as longitudinal solid-state 
bonding and is known as extrusion welding.  
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Figure ‎1-11 Holow-section profile [18]   
 
Figure ‎1-12. Schematic of welding chamber porthole die hollow extrusion. 
(a) Cross section showing metal flow into port streams and around the 
mandrel. (b) Billet entrance face of the die set [18]  
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  The solid state bonding occurs when the two metallic surfaces meet 
together as shown in Figure ‎1-13 [19]. When the spacing between the 
atoms is around a crystal lattice, the bond is started to form. With the 
pressure and the temperature inside the welding chamber, the adhesion 
between the two surfaces is increased. With more pressure and more 
temperature, the bond strength is increased because of the more flatten 
surfaces are appeared which will provide more surfaces contact and 
therefore more homogenous plastic deformation. This will lead to shearing 
off the asperities  and break the peaks that appear on the two surfaces and 
form a good seam weld [20]. 
 
 
 
Figure ‎1-13. The flow through a porthole die [18] 
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1.3.2 Extrusion Defects 
 
Every product could have some defects that should be avoided 
during the extrusion process by applying a good quality control. There are 
many defects that appear in the extrusion profiles such as weak extrusion 
weld joint, streak, surfaces cracks, die line and blister.  These defects 
could be related to one or more than one of the following  extrusion 
factors:  metallurgical variables, billet casting, initial billet and container 
temperature, extrusion ratio, die design, extrusion speed, extrusion 
temperature and lubrication system [18].  The quality of the extrusion 
welding is one major type of defect that is not completely understood. The 
improper bonding is precisely influenced by the pressure, temperature, 
velocity of the material inside the welding chamber and the die design.   
Figure ‎1-14 shows a defect on the longitudinal extrusion welding.  
Making defect free products are the main objective of most 
extrusion companies. Many important outlines to check the quality of the 
extrusion process can be summarized in Figure ‎1-15 
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(a) 
 
 
(b) 
 
Figure ‎1-14. Improper weld joint in hollow shape extrusion (a) Full cross 
section showing two poor-quality welds (b) Partially bonded joint. [18]. 
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Figure ‎1-15.  Billet casting and extrusion manufacturing control process to 
eliminate potential extrusion defects [18]. 
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1.4 Research Objectives 
 
A strong bonding within the seam welds is one of the most important 
requirements during the extrusion of many hollow profiles used in the 
transportation applications. The integrity of the weld microstructure is 
very substantial to avoid any potential failures during operation. The 
design of the extrusion die and control of the process parameters play a 
role in determining the quality of the weld bonding.  All of these factors 
affect the microstructure of the final product and consequently its 
mechanical properties. Many researchers have attempted to fully 
understand solid state bonding in different structural materials such as 
copper and Aluminum. However, there is a lack of sufficient 
understanding of the extrusion welding in these materials and very limited 
in hollow Magnesium alloys profiles in terms of the integrity and the 
quality of the welding microstructure.  
In this dissertation three research projects are investigated by using 
different tools such as microstructure characterization, mechanical testing, 
thermo-mechanical physical simulation and finite element numerical 
simulation (see Figure ‎1-17).  
Project 1: Microstructure characterization supported by mechanical 
testing of the extrusion welding regions in Magnesium alloy AM30 
extrudate (see Figure ‎1-16). The microstructure characterization was 
conducted using Light Optical Microscopy (LOM), In addition to (LOM) 
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the electron backscattered diffraction (EBSD) technique was implemented 
to characterize deformed and welded microstructure. 
.  
Figure ‎1-16.  Hollow section profile of Magnesium Alloys AM30 
 
Project 2: Finite element numerical simulation of AM30 extrudate to 
model the different process parameters. The simulation was conducted 
using HyperXtrude
®
 finite elemt package. 
Project 3: Physical simulation of the extrusion welding by using Gleeble 
3500 thermo-mechanical simulator. The physical simulation was 
performed using different strain rate and temperatures. 
 Based on the results of the previous research work a new qualitative 
criterion of extrusion welding has been proposed as contribution to the 
field. The previous mentioned analyses have provided better 
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understanding of material response to processing parameters and assist in 
selecting the processing windows for good practices in the extrusion 
process. In addition, the presented study will contribute to better 
understanding and evaluating the quality of the solid state bonding and 
joining of Mg alloys and will help avoiding formation of potential 
mechanical and metallurgical imperfections  
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎1-17 Flow diagram of the conducted research  
 
1) Microstructure Characterization of  
Extrudate of Magnesium Alloy 
AM30 
3) Finite Elements Numerical 
Simulation of Extrusion Process of 
Magnesium Alloy AM30 
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2) Mechanical Testing of Extrusion 
Welding Zones of Magnesium Alloy 
AM30 
4) Thermo-mechanical Physical 
Simulation of Extrusion Welding of 
Magnesium Alloy AM30 
AM30  
 
Welding 
Quality? 
5) New Quality Criterion of Extrusion 
Welding of Magnesium Alloy AM30 
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1.5 Dissertation Structure 
  There are six chapters in this dissertation describing an integrated 
approach of analyses including microstructure characterization, 
mechanical testing, numerical simulation and experimental physical 
simulation.  
  Chapter 1: Introduction of the research field including motivation 
and a brief summary about Magnesium and Magnesium alloys including 
more information for Magnesium alloy AM 30, which is the subject of this 
research. In addition, brief background of extrusion process and extrusion 
welding as well as extrusion defects are presented. This chapter is finished 
with a presentation of research objectives. 
Chapter 2: Microstructure characterization of industrial AM30 
extrudate profile is provided. An introduction to the laboratory techniques 
that have been used is presented as well as a literature review of the 
previous studies. On the subject of different techniques for sample 
preparation are discussed. Accordingly, microstructure characterization 
micrographs and mechanical testing micro hardness results are presented. 
At the end of the chapter a discussion of the results is delivered. 
Chapter 3: Numerical simulation of a double hat Magnesium alloy 
AM30 extrudate is presented. The finite element method and the software 
used for the research are introduced. Then, extrusion modelling setup for 
AM30 as well as flow stress model are described. After that, the results of 
the hot extrusion for different process conditions are presented in form of 
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contours plots. Accordingly, the influence of different ram speeds and 
temperatures on the localized state variables - temperature, strain rate and 
normal pressure on weld zone has been compared and discussed. The 
results of this chapter are used as guide lines for design of experiments of 
the physical simulation. Also, the presented results are used for 
establishing of a new criterion for the extrusion weld integrity. 
Chapter 4: Physical simulation of extrusion welding of Magnesium 
alloy AM30 is the focus of the presented research. An introduction to the 
thermo-mechanical physical simulator Gleeble 3500 is presented. Also, 
several studies of physical simulation of extrusion welding have been 
reviewed. Then, experiment setup, measurements and analysis of normal 
pressure that ensure weld integrity are discussed.  
Chapter 5:  New criterion for evaluation extrusion welding quality 
is proposed. A review and comparison of existing criteria have been 
provided. Then, the methodologies of the criteria are discussed. Different 
process conditions have been applied to evaluate their extrusion welding 
quality.    
Chapter 6: Summary, Conclusion and future studies. 
This chapter summarized the work that has been done so far and 
presents the research results conclusion for each research topics. Finally, 
future studies have been recommended for further investigations and 
analyses. 
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2 Microstructure Characterization of AM30 and Mechanical 
Testing 
2.1 Introduction 
 
Understanding the microstructure evolution of the extruded hollow 
section profiles is very important. In other words, the microstructure of the 
profile such as grain size and crystallographic orientation influence the 
mechanical properties of the final product. Many factors affect the 
evolution of the microstructure of the extrusion of hollow section profiles 
such as die design and the geometry of the container, porthole die, welding 
chamber and the bearing land length. In addition, the final product will be 
affected by the extrusion process conditions such as the billet temperature, 
container temperature, ram speed and pressure, all of which will affect the 
strain, strain rate and stress. Moreover, any subsequent heat treatment 
procedure could be applied to the extrudate such as annealing or 
quenching or a combination of more than one method. In this research, the 
objective is to focus on the integrity of the welding area of an extruded 
industrial hollow section profile of Magnesium alloy AM30 in terms of 
microstructure characterization and mechanical testing of the areas in the 
extrudate as shown in Figure ‎2-1.  
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Figure ‎2-1. Investigated extrusion welding locations of the AM30 profile 
2.2 Literature review  
 
M. Engelhard et al. [21]  have  conducted extrusion experiments that 
focused on the Aluminum alloys AA 6060 and AA 6082. Microstructure 
characterization and mechanical testing of different samples with different 
billet temperatures and extrusion speeds are reported. Also, H. Matsuoka 
et al [22] have studied Aluminum alloy AA 6061 hollow extrudate 
sections with seam welding and without welding. Many tensile tests were 
conducted to compare the tensile strength. The results showed that the 
samples with welding have lower tensile strength than the non-welding 
samples. The metallographic investigation by Electron Backscatter 
Diffraction (EBSD) technique showed recrystallized grains in the welding 
region however, the non-weld part was the un-recrystallized one having 
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subgrains. Another study by Loukus et.al [23] investigated the seam 
welding and charge weld in Aluminum alloy AA6082-T4 (see Figure ‎2-2). 
They compared different tensile samples located at the weld location with 
different orientation 0˚,‎ 45˚,‎ 90˚‎ and‎offset to the tensile axis. Also, for 
comparison purposes a sample where taken from no weld regions. The 
result showed that the‎sample‎with‎weld‎45˚‎had the lowest tensile strength 
than samples in 90˚‎ and‎ 0˚ orientations. In terms of the fracture, result 
showed that samples with weld exhibits a ductile fracture. 
 
Figure ‎2-2. Micrographs of polished and etched A-pillar cross-section 
revealing the weld regions [23] 
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Furthermore, Nanninga et.al [24] have studied the effect of the presence of 
extrusion welding in fatigue life. The results showed 60% drop of the 
fatigue life in samples that have welds in comparison to the sample 
without welds. 
Here at Lehigh, Van Geertruyden, Claves and Misiolek  [25] have 
studied the crystallographic orientation map of the welding regions in 
Aluminum alloy AA6063 extrudate by using Electron Backscattered 
Diffraction. The results in Figure ‎2-3 show that the grains on the side of 
the welding region have the same texture as the extrusion direction ˂100˃. 
However, inside the weld a random texture and‎˂111˃ which could affect 
the strength and the quality of the weld integrity with the no weld regions. 
 
 
(a) 
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Figure ‎2-3. (a) Cross section of extrudate with the weld region in the 
center region, (b) notation of sample directions used EBSD analysis. (c) 
Grain map generated across the weld region showing the texture of the 
various regions. (Grain map is used courtesy of TexSEM Laboratories) 
[25] 
 
 
For Magnesium alloys, Sikand et al. [26] have studied the 
microstructure and the mechanical properties of AM 30 tube extruadtes  
by using two different dies,  a conventional conical dies with mandrel and 
port holes dies. The tubes fabricated using porthole die showed significant 
refinement in microstructure with improved mechanical properties, outside 
(b) 
(c) 
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the seam-joint portion, compared to the tubes fabricated using conical die 
with a mandrel. 
In the early stage of the investigation of Magnesium Alloy AM30 
here at Lehigh University, Brian F. Gerard and Wojciech Misiolek [27] 
have mechanically tested the same profile shown in Figure ‎2-1 and 
microstrucaturlly characterized it.  The samples were cut as shown in 
Figure ‎2-4 for four different extruded sections (A, B, C, and D) and 
different orientations with respect to the welding region  perpendicular 
(M), in the same direction (P) and offset to the welding region (S).  
 
Figure ‎2-4. Tensile bar dimensions (mm) and locations within the AM30 
double-hat extrudate. The thickness of the tensile bars is 2.54mm [27]  
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Figure ‎2-5. Grain size of each section (A-D) for each orientation (M, P, 
and S) measured using the ASTM-E112 three circle method [27] 
 
The grain size of different samples is shown in Figure ‎2-5. By 
averaging each section, the grain size in location M is 107±14µm, S 
126±17µm and P 111±13µm. The results show that the sample orientation 
has a strong influence on engineering stress-strain curves. The P 
orientation samples have a yield point significantly below that of the 
samples in the extrusion direction (M and S) [27]. 
2.3 Microstructure characterization of Magnesium alloy AM 30 
 
During the investigation, a microstructure characterization was 
conducted by using a Light Optical Microscopy (LOM) -Olympus®- (see 
Figure ‎2-6) of the regions that contain an extrusion welding. Furthermore, 
an analysis was performed by using Electron Backscatter Diffraction 
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(EBSD) - Hitachi 4300SE/N (see Figure ‎2-7) to study the crystallographic 
orientation map in the extrusion welding regions within the profile in 
comparison to the pre-extruded billet.  
 
Figure ‎2-6. Light optical microscopy -Olympus®, Nikon  
 
 
Figure ‎2-7. Electron Backscatter Diffraction in Scanning Electron 
Microscope -Hitachi 4300SE/N 
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2.3.1 Metallographic sample preparation 
 
Metallographic sample preparation of Magnesium alloys can be 
challenging; these alloys are relatively soft and can be easily scratched 
during sample preparation. Polishing can induce twin deformation in the 
material, leading to difficulties in properly etching to reveal the 
microstructure. Some of the intermetallic particles from these alloys can 
be pulled from the sample by the polishing action and contaminate the 
polishing cloths, causing additional scratches. Furthermore, water should 
be avoided during the final polishing because Magnesium alloys have a 
tendency to stain when exposed to water [28]. As reported by Brian 
Gerard [27] a new technique is used for the preparation of AM30 samples 
for both Light Optical Microscopy (LOM) and Electron Backscattered 
Diffraction (EBSD). Due to the symmetry of the profile three different 
extrusion welding areas were investigated as indicated in (A, B and C) the 
forth location is used as a reference and is marked as (D) (see Figure ‎2-1). 
2.3.2 Sample mounting and grinding 
 
The samples were cut transversely to the extrusion direction in the 
mentioned location (A, B, C, D). Then, a resin epoxy is used for mounting 
as well as a vacuum was pulled any trapped air in the mounts. The 
mounted samples were labeled then ground by standard Silicon Carbide 
grinding papers (320, 400, 600) grit for 60 seconds each. Ethylene glycol 
was used as a lubricant instead of water to avoid and stain. Between each 
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step cotton and ethanol spray were used to clean the samples followed by 
air drying.  The 600 grit grinding were performed twice to make sure that 
samples‎didn’t‎have‎any‎contamination‎from‎the‎previous‎steps that could 
leave some small particles and consequently scratch the samples [27].  
2.3.3 Mechanical polishing 
 
In this step, alcohol based 6µm diamond suspension was used for 6 
minutes on a Struers DP-Dur cloth and alcohol based lubricant in 
automatic polishing machine. It was set to a pressure equal to 50 N which 
considered a low pressure to not introduce any deformation twins. The 
samples were cleaned by ethanol spray and cotton followed by air-drying.  
After the 6µm step, hand polishing was performed using an alcohol 
based 3 µm diamond spray on a Struers Mol cloth for two minutes and 
moderate pressure. Then the samples were dipped in ethanol and 
ultrasonically cleaned for 20 sec followed by ethanol spray and cotton 
then air drying.  The final step of mechanical polishing was performed in 
Nap cloth for 3 minutes using 1 µm diamond spray with medium pressure. 
The same cleaning steps were used as in 3 µm [27].  
 
2.3.4 Chemical polishing 
 
Many chemical polishing solution were reported in the literature 
however most of them left a stain in Magnesium alloys [27].                      
A combination made of 8mL nitric acid (conc.), 12 mL hydrochloric acid 
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(conc.) and 100 mL ethanol were used for 8-10 second [29]. The solution 
left a white film over the surface, which can be ultrasonically cleaned by 
dipping the sample in methanol for 20 sec. After that, a methanol spray 
was used and followed by air-drying. The polished samples showed very 
flat surface if the exact time is maintained. However some samples 
showed a slight wavy surface. Most of the scratches have been removed 
but some will show up after the etching step. 
2.3.5 Etching 
 
For the sample that be used for Light Optical Microscopy (LOM), a 
solution of acetic picral (2g picric acid, 5mL acetic acid, 10mL H20, 
100mL ethanol) was used for 5 sec [30]. A brown film has appeared on 
the etched surface. After that, the sample was ultrasonically cleaned by 
dipping the sample in ethanol for 20 sec. Followed by ethanol spray and 
air-drying. Another etchant solution was used for Electron Backscattered 
Diffraction (EBSD) a solution of 5mL HNO3, 15mL acetic acid, 20mL 
H20, and 60mL ethanol for 4 sec [31]. Then, sample was ultrasonically 
cleaned by dipping the sample in ethanol for 20 sec. Followed by ethanol 
spray and air-drying.   
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2.4 Micro hardness testing 
 
Micro hardness tests were performed to different regions. In this 
work, the focus was on the hardness profiles for three samples: A-  sample 
from the pre-extruded billet, B- sample from location (A) in Figure ‎2-1 
which contains a weld region, C- sample from location (C) in Figure ‎2-1 
which contains another weld region. The samples were cut, ground and 
polished ( 6 µm, 3 µm , 1 µm) to ensure the flatness of the tested regions. 
The tests were performed according to ASTM International E384-08a 
Standard Test Method for Microindentation Hardness of Materials. A 300 
gf used for 15 sec by vickers indenter in LECO M-400 Hardness Tester 
shown in Figure ‎2-8 
 
Figure ‎2-8. Micro hardness tester LECO M-400 
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2.5 Results 
2.5.1 Light optical microscopy results 
 
Polarized Light Optical Microscopy (LOM) was used to analyze the 
microstructure of the extrudate in each of the four locations “A”‎through‎
“D” shown in Figure ‎2-1 . Figure ‎2-9 shows the difference in grain sizes 
between the middle of the image where the extrusion welding has taken 
place and the rest of the extrudate near the edge of the image representing 
less modified alloy microstructure in the welding chamber. Figure ‎2-10 is 
a magnified image that was captured in the middle of the specimen in 
location A (see Figure ‎2-9), which shows good extrusion weld integrity 
with no visible weld line [28].  
 
 
 
Figure ‎2-9. Polarized LOM mosaic image of location (A) of the extrudate 
[28] 
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Figure ‎2-10. A good welding integrity in location (A) [28] 
 
On the other hand, Figure ‎2-11 and Figure ‎2-12, from locations B 
and C, respectively, both show different types of extrusion welding with a 
curved weld line. The presence of the line is most likely due to the 
oxidization‎ of‎ the‎ individual‎ strands’ surfaces during extrusion, or 
insufficient heat for grain growth of the recrystallized grains. These 
welding lines could be straight or tortuous depending on the velocities of 
the two neighboring strands, their surface roughness, and the level of 
applied stresses [28]. 
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Figure ‎2-11. LOM mosaic image shows curved weld line in location (B) 
[28] 
 
 
Figure ‎2-12. LOM mosaic  image shows curved weld line in location (C) 
[28] 
Some coarse grains along the extrusion weld are shown in 
Figure ‎2-13. In contrast, “necklacing” of small grains appears along the 
extrusion weld lines in Figure ‎2-14, which could be representing the newly 
recrystallized grains [28]. 
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Figure ‎2-13. Straight extrusion weld line in location (B) [28] 
 
 
Figure ‎2-14. Tortuous extrusion weld line in location (C) [28] 
 
In location (D), the grains were elongated during the extrusion 
process toward the thiner section of the profile (see Figure ‎2-15). Near the 
edge of the profile,  deformation bands were observed due to the high 
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deformation represented by high local extrusion ratio. Also, Figure ‎2-16 
shows different grain sizes structure near the corner of location (B). 
 
 
Figure ‎2-15. Polarized LOM image of elongated grains with a deformation 
lines in location (D)  
 
 
Figure ‎2-16. Polarized LOM image of the corner edge in location (B) 
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2.5.2 Electron Backscattered Diffraction (EBSD) results 
 
Electron Backscatter Diffraction (EBSD) was carried out to 
compare the grain orientation maps between two types of extrusion welds 
observed using LOM and the grain orientation maps of the pre-extruded 
billet. Also, average grain sizes were obtained using E112 −‎13‎Standard‎
Test Methods for Determining Average Grain Size – Intercept Method. 
 The grain orientation map of the pre-extruded billet is shown in 
Figure ‎2-17. It shows a random orientation but majority of the grains have 
〈    〉 orientation with average grain size 5.3µm. The grain orientation 
map for the good integrity extrusion welds without weld line type 
observed in the AM30 extrudate at location (A) (See Figure ‎2-1) is shown 
in Figure ‎2-18. It shows a fairly strong 〈  ̅ ̅ 〉 orientation with average 
grain size of 93 µm.  In contrast, the extrusion welding with a weld line at 
location (C) exhibits 〈   ̅ 〉 orientation as shown in Figure ‎2-19 and 
Figure ‎2-20. The average grain size around the weld line is approximately 
32 µm however, the grains along the weld line show fine grains structure 
with average size from 2 µm to 6 µm. The difference in crystallographic 
orientations in various types of welds could be due to the dynamic 
recrystallization during the extrusion. However, this much more complex 
metallurgical phenomenon needs further in-depth investigations.  
 
46 
 
 
Figure ‎2-17. EBSD orientation map for the pre-extruded billet of AM30 
 
 
Figure  2-18. EBSD orientation map from location (A) of AM30 extrudate 
with good weld integrity 
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[0001] 
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Figure  2-19. EBSD orientation map from location (C)  of AM30 extrudate 
with a weld line 
 
 
 
Figure  2-20. A magnified EBSD orientation map for the welding line in 
location (C) of AM30 extrudate 
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2.5.3 Micro hardness test results 
 
Micro hardness tests were conducted to evaluate the homogeneity of 
the microstructure. Three samples were tested to compare the hardness 
values. The first sample was cut from the pre-extruded billet and was 
prepared to micro hardness test. Twenty five indentations are used to 
establish a hardness profile. The distance between the indentations was 1 
mm. The values were averaged as shown in Figure ‎2-21. The average 
value shows consistent values between 50-52 HV. The second sample was 
cut from location (A) good weld integrity without weld line. Fifty 
indentations throughout the thickness of the profile were measured. The 
distribution was along 4 mm including the weld region with 1mm distance 
between indentations.  
 
 
Figure  2-21.  Micro hardness profile in pre-extrused billet AM30 
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The reference value (0) indicates the middle of location (A) where 
the good weld was observed. Then 25 indentations were measure along 2 
mm on both side of the center of the weld.  The averaged values indicate a 
consistency of hardness values between 45-48 HV (See Figure ‎2-22).  
 
 
 
 
Figure  2-22. Micro hardness profile across the good weld in location (A) 
 
The third sample was cut in location (C) where the extrusion weld 
line was observed. A total of 35 indentations were measured and averaged. 
The reference value (0) in Figure ‎2-23 indicates the weld line. The 
distance between the indentations was 300µm and the hardness profile 
show consistency with average values between 49-51 HV. 
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Figure  2-23. Micro hardness values across the welding line in location (C) 
2.6 Discussion 
 
Two types of extrusion welding in the double hat profile were 
observed for locations (A) and (C) presented in Figure ‎2-9 and 
Figure ‎2-12. Good weld integrity can be associated with lack of any 
distinctive weld line as presented in a micrograph for location (A). 
However, in location (C) an extrusion welding with a distinctive line was 
observed at the edge of the extrudate and suddenly disappeared in the 
middle of analyzed area (C). As reported in literature [26] a dynamic 
recrystallization can occur during the hot extrusion of Magnesium alloys 
especially in the welding chamber where a high deformation is expected 
due to the material splitting and its welding. This high amount of strain 
could be a driving force for a dynamic recrystallization in the welding 
chamber and at the metal interfaces. 
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The dynamic recrystallization at the metal interface leads to a 
necklace grain structure [10].  With normal pressure levels above the 
critical value at the interface, the solid state bonding is promoted inside 
the welding chamber. Depending on the amount of deformation work at 
different location and consequent transformation to heat, coarse grains 
could appear along the welding chamber up to the exit of the die [10][26].  
The numerical simulation results for “double‎ hat”‎ of‎ Magnesium‎
alloy AM30 will be introduced in Chapter 3. The temperature distribution 
within the portholes and welding chamber (See Figure ‎2-24) shows a 
temperature gradient within the welding chamber and different values at 
locations (A) and (C). Accordingly, after the formation of the 
recrystallized grains, the increase of the temperature within the welding 
chamber caused grain growth and the presence of coarse grains at location 
(A) which formed good weld integrity. However, the weld line was 
observed at the left edge of location (C) and the “necklacing” of small 
recrystallized grains appeared around the weld line where the temperature 
was lower than the temperature at location (A) based on the numerical 
simulation results shown in Figure ‎2-24. It has been concluded that the 
dynamic recrystallized grains were not exposed to enough heat to cause 
the grain growth.  
The hardness values at location (A) ranged from 45 to 48 HV and 
are shown in Figure ‎2-22. However, the hardness values at location (C) 
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(See Figure ‎2-23) were in the range of 49 to 51 HV. The difference in 
hardness values between the two locations (A) and (C) can be attributed to 
the difference in average grain size which was observed using the EBSD 
technique. Per EBSD results, the grain size average was 2 µm to 6 µm in 
the weld line region and 32 µm around the line at location (C) (See 
Figure ‎2-19 and Figure ‎2-20) while the average grain size at location (A) 
was 93 µm (See Figure ‎2-18).  
  
 
Figure ‎2-24.  Finite element model prediction of Temperature distribution 
within portholes die and welding chamber at ram speed 1.3 mm/sec and 
billet temperature 430°C and associated weld micrographs at location (A) 
and (C) 
(C) 
(A) 
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3 Numerical Simulation of “Double Hat” Magnesium Alloy AM30 
Extrudate 
3.1 Introduction 
 
Engineering problems can be solved using analytical, numerical or 
experimental methods. The analytical method is a classical approach for 
simple problems and can be more accurate than the numerical methods. In 
contrast, the experimental method allows actual measurements of actual 
process parameters however; it is time consuming beside the cost of the 
set up and execution. Because of the above mentioned limitations, the 
numerical methods have been used as an approximation technique, for 
solving complex mathematic problems, especially in engineering field.  
One of the numerical methods is finite element analysis (FEA), also 
known as finite element method or finite element modeling (FEM). 
Originally, it was developed within the aerospace industry from‎1940’s‎to 
1950’s. Subsequently it has been adapted to the most areas of engineering 
by‎ 1960’s‎ [32]. FEA provides an alternative solution of differential 
equations with appropriate boundary conditions or minimizing a function 
by equivalent set of simultaneous algebraic equations. Basically the 
method uses discretization or meshing (elements and nodes) to reduces the 
degrees of freedom of an object from infinite to finite [33]. This 
simplification makes calculations at a limited (finite) number of points and 
then interpolates the results for the entire domain (surface or volume). 
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FEA can be used in different application and analyses such as linear, 
nonlinear, buckling, thermal, dynamic and fatigue analyses. 
In addition, finite element method is used for the numerical 
simulation of the metal deformation. Several deformation software 
packages are available, such as QFORM
TM
, LS-DYNA
TM
, DEFORM
TM
, 
HyperWorks 
TM 
and others. 
3.2 HyperWorksTM  
 
HyperWorks
TM
 has been developed by Altair Engineering –a product 
design company. Altair Engineering has many softwares and modules for 
modeling, visualization, manufacturing solutions and engineering 
solutions. HyperWorks
TM
 products are summarized in Table ‎3-1 [34]. 
 
Table ‎3-1. HyperWorksTM softwares and modules [34] 
 
  Modeling and Visualization 
HyperMesh- finite element modeling 
HyperCrash- CAE pre-processor tool 
MotionView - multi-body dynamics 
HyperView - results visualization 
HyperView Player - visualize 3D CAE models 
HyperGraph 2D - plotting and data analysis 
HyperGraph 3D - plotting and data analysis 
HyperMath - mathematical scripting language 
HyperStudy - design exploration 
BasicFEA - simple analysis 
 
HyperWorks Desktop  
  
   Manufacturing Solutions 
HyperXtrude - finite element solver / user 
environment 
Friction Stir Welding - friction stir welding 
simulation 
Forging - three dimensional forging simulation 
Molding - injection molding simulation 
HyperForm - sheet metal forming simulation 
  
  Engineering Solutions 
Crash 
CFD 
Drop Test 
NVH 
Aerospace 
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HyperXtrude
TM
 is one of the manufacturing solutions modules 
based on the FEM approach. It is a simulation tool developed to analyze 
the extrusion process and performance of the extrusion dies. It is 
considered a powerful tool for engineers to analyze the material flow and 
heat transfer during the extrusion process which helps to minimize the cost 
and time consumed during industrial trials [34] . It is based on Arbitrary 
Lagrangian Eulerian (ALE) algorithm which is a combination of 
Lagrangian and the Eulerian approach. This approach is very powerful to 
simulate the extrusion process and avoids the drawbacks of Lagrangian 
approach which cannot handle the large deformation due the large 
distortion of the mesh. Consequently the large distortion of the mesh leads 
to loss of accuracy. Also, ALE allows tracking of the surface interface of 
flowing material which cannot be achieved by Eulerian approach due to 
the high computational time especially in simulation of extrusion process 
[35].  In this approach the mesh is not attached to the material as in 
Lagrangian approach and not fixed as in Eulerian one. The movement of 
the mesh is arbitrary, which allows for large deformation and for easier 
tracking of free surfaces.  
 The most key features of HyperXtrude
TM
 are [34]:  
- Extrusion- specific graphical user interface to prepare model setup 
analysis 
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- Library of different types of materials such as metals, polymers, 
pastes and ceramics 
- Computing die deflection and resulting stress  
- Ability to model co-extrusion of two or more materials 
- Correcting bearing design to balance material flow 
- Integrated with HyperStudyTM for optimization of die bearing, 
portholes and pocket dimensions. 
Benefits of HyperXtrude
TM
 include [34]: 
- Minimize die design time and cost 
- Visualize material flow 
- Design robust die assemblies 
- Minimize transverse weld scrap 
- Reduce cost 
- Increase productivity 
3.3 Literature review 
 
Since the development of finite elements modeling packages for 
metal deformation, there were many attempts to simulate the extrusion 
process for better understanding of the metal flow through the different die 
designs. Different state variables such as extrusion pressure, strain, strain 
rate and temperature can be track during this complex process. Some 
researchers have focused on simulation of the hot extrusion of light metals 
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to optimize the related process parameters for increasing the productivity 
and minimizing the product defects [35-42].  
Several studies were conducted on optimization of hot extrusion of 
Aluminum and Magnesium alloys. Some of them have concentrated on the 
extrusion longitudinal welding phenomenon during simulation of hollow 
sections extrusion. The different criteria for quality of the extrusion 
welding will be presented in Chapter 5. In this chapter the focus will be on 
the numerical simulations of extrusion of Aluminum and Magnesium 
alloy.  Jo et al. [36] have studied the effect of billet temperatures, bearing 
length and product thickness on the welding quality of Aluminum alloys 
AA7003 hollow section tubes. The metal flow of the product was analyzed 
by using DEFORM
TM
 simulations and experiments for different billet 
temperatures of 400°C, 430°C, and 460°C. An extrusion welding quality 
criterion developed by Plata and Piwnik [37] was applied to evaluate the 
different parameters. Some conclusions have been highlighted such as 
extrusion load decrease with the increase in billet temperature, as well as 
lower billet temperature for improvement of the surface finish of the tube. 
Donati and Tomesani [38] have modeled extrusion of AA 6082 aluminum 
alloy to evaluate the influence of extrusion pressure, material flow stress 
and velocity on the extrusion welding surface. A new modified version 
criterion has been introduced by Donati and Tomesani and applied to H- 
shape exturdate.  The modified criterion  was based on  Plata and Piwnik 
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criterion [37] where they have proposed pressure-time weld quality 
relationship by taking the time integral of the ratio of contact pressure (P) 
and effective stress (Q) along the welding path. The time here is the 
required contact time along a welding path from the start of the material 
contact until the exit of the die while leaving the bearing land. 
                                          ∫
 
 
 
 
                                     Equation ‎3-1                                                                   
While Donati and Tomesani [38] have modified Equation 3-1 by including 
the velocity factor thus now the integral will be length integral of the ratio 
of the pressure (p) to the effective stress (Q) should exceeds a critical 
value (     that should be determined experimentally.  
                                        ∫
 
 
 
 
     ∫
 
 
 
 
                    Equation ‎3-2 
 
They found that high values of the integral can be obtained with low 
pressures and long chamber lengths or for short chambers if high pressures 
are maintained. 
Another study has been performed by Valberg et al. [39] for an 
Aluminum alloy to analyze metal flow in cases where two neighboring 
porthole channels at each side of the die bridge are of a different size. 
They found that the larger porthole had of course more feed and this had a 
significant influence on the deformation and metal flow. A significant 
pressure drop was predicted by the DEFORM
TM
-3D simulation in the 
welding chamber behind the die bridge. This drop was caused by a heat 
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generation occurring adjacent to the bridge surface. In addition the strain 
rate was higher near the bridge in comparison to the metal flow near the 
side walls. 
Liu et al [40] have modeled different FE simulations to determine 
the conditions for better longitudinal welding quality of Aluminum 
porthole die extrusion. Different ram speeds ranging from 1, 5, 10, to 15 
mm/s and at different billet temperatures of 420, 450, 465, and 480°C 
were used with different welding chamber height 4, 7, and 10 mm. Donati 
and Tomesani criterion [38] was applied for the evaluation the welding 
quality.  It has been found from the‎ simulations’‎ results that higher 
welding chamber and sharper die leg caused better welding quality. In 
addition, higher ram speed decreased weld quality. Regarding the billet 
temperatures, it seems that 450 and 465 ℃ can produce good longitudinal 
welds [38]. 
An investigation of the effect of ram speed on the extrusion of 
Aluminum alloys AA6063 was performed by Zhang et al. [35]. Different 
simulations with ram speeds ranged from 0.1mm/s to 1.5 mm/sec were 
conducted using HyperXtrude software package. The optimum value of 
metal flow uniformity for a given die and process conditions has been 
achieved at the ram speed of 0.3 mm/s. Also, the increase of the ram speed 
promoted higher weld quality.  
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The extrusion welding was investigated via numerical simulation for 
Magnesium alloys. Liu et al. [41][42] have numerically simulated 
extrusion of Magnesium alloy AZ31 into a rectangular section at various 
ram speeds  and verified their model results by experiments. The results 
showed that the metal temperature not uniform inside the portholes die 
and it increased in the welding chamber close to the die orifice. A linear 
relation between the increase of temperature and ram speed was 
established.  Also, they found that the higher ram speed, the higher the exit 
temperature. Another study of the same alloy AZ31 were performed by Li 
et al. [43] . Similar findings were obtained. In addition, the quality of the 
longitudinal weld Pressure/effective stress remains constant. However, the 
maximum normal pressure decreased, along with the value of the flow 
stress within the welding zone. These results showed that the main reason 
for common defect at the extrudate front end was entrapped air under the 
bridges within the welding chamber. A dead metal zone was observed at 
the corners between the die face and the container.   
3.4 Simulation of double hat Magnesium alloy AM30 
 
In this work, numerical simulation of the hot extrusion of Magnesium 
alloy AM30 using HyperXtrude
TM
 software was performed. The extruded 
profile is of the same geometry as the industrial profile that has been 
characterized in Chapter 2.  The objective of this study is to determine the 
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effect of different ram speeds and billet temperatures on the state variables 
such as temperature, strain rate and normal pressure within the welding 
chamber. The results of performed numerical simulation were used to 
design the physical modeling experiment of extrusion welding which will 
be discussed in the Chapter 4. In addition, state variables of the performed 
simulations have been used in the new proposed criterion for evaluating 
the quality of extrusion welding for Magnesium alloy AM30 and it will be 
discussed in Chapter 5. 
3.4.1 HyperXtrudeTM model setup 
 
The 3D geometries of the extrusion tooling such as portholes die 
and container were designed in Solidworks
TM
 software as shown in 
Figure ‎3-1. Then, all the tolling elements were modeled in this extrusion 
simulation as rigid bodies. Since AM30 has been extruded at elevated 
temperature, therefore the material behavior depends on the rate of the 
deformation. Accordingly, the billet, feeder plate with port holes and 
welding chamber, bearing and extrudate where modeled as visco-plastic 
material. The tolling elements usually is modeled as rigid because it needs 
to be not moving during deformation and acts as constrain to the deformed 
material. In addition, the rigid body model for the tooling elements saves 
the computational time since the focus of the analysis not include the 
tolling deflection.  All the model components were meshed using 
HyperMesh
TM
. Since the model has complex shape geometries, different 
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shape elements were used in meshing for different locations. Tetra shapes 
were used in the billet, feeder plate, port holes and welding chamber. 
While the prism shape elements were used in bearing land and the 
extrudate. 
 
Figure ‎3-1. 3D geometries of extrusion tooling used in FE simulation 
 
HyperXtrude
TM
 software package has criteria to evaluate the mesh 
quality.  It takes into account the aspect ratio of the neighboring element 
size or even the side length of an element. The minimum angle was 
selected to be more than 10° at the same time the maximum angle had to 
be less than 170°. The element sizes differ depending on their location 
within the deformed body. For the billet, the element size was selected to 
be less than 5 mm. However, in the port holes and the bearing land is 
ranged from 0.5 mm to 2 mm due to the complexity of the deformation in 
these areas which need smaller elements as well as the high change rate of 
Container 
Lower die 
Upper die 
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state variables. Different mesh densities have been optimized to give good 
and consistent results in a reasonable time. The total number of mesh 
elements was around 2 million as shown in Figure ‎3-2. 
 
 
Figure ‎3-2. 3D mesh model of the different part inside the die and the 
container  
 
3.4.1.1 Constitutive model of Magnesium alloy AM30 
 
Hyperworks
TM
 has a data base of different types of constitutive 
model for different materials. However, AM30 alloy is newly modified 
alloy by General Motors [44] and Hyperxtude
TM
 does not have material 
model for this specific alloy. However, it has a capability to add data for 
specific material and fit a constitutive model to be used in a simulation.  
There are different constitutive models to describe the behavior of 
material during deformation but Sine Hyperbolic Inverse law (See 
Equation ‎3-3)  is the most used model for describing thermo-viscoplastic 
Billet 
Feeder Plate 
Portholes 
Welding Chamber 
Bearing Land  
Extrudate 
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behavior of metals during deformation [45]. The constants of the model 
were taken from [46] and fitted for different strain rates and temperatures 
using HyperXtrude’s‎‎material‎data‎fitting‎function.  
 
Where: 
   
 
  : the flowstress (MPa) 
Z : Zener-Hollomon parameter, 
A: Reciprocal strain factor = 5.92×10
10
 (1/sec) 
 
n: Stress exponent = 7  
 
α:‎Stress multiplier =0.017 (MPa-1) 
  
 
: Strain rate (1/sec) 
Q: Activation energy = 150000 (J/mol) 
R:  Universal gas constant = 8.314 (J/mol K) 
 θ:‎Absolute‎temperature‎ (K) 
 
All the above constants were used in Equation 3-3 at different 
temperatures ranging from 600°K to 850°K and at different strain rates 
ranging from 0.001/sec to 100/sec. The flow stress values (MPa) were 
plotted as a function of strain rates (1/sec) for different temperatures using 
logarithmic scale as shown in Figure ‎3-3. 
Equation ‎3-3 
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Figure ‎3-3. Flow stress as a function of strain rate for different 
temperatures 
 
 
3.4.1.2  Process conditions and boundary conditions 
 
In HyperXtrude
TM
 software, the process conditions need to be 
defined and the software is applying the boundary conditions for all model 
components. The temperatures and ram speeds were selected based on the 
extrusion force and temperature limit diagrams shown in Figure ‎3-4 [47]. 
All process conditions used in simulations are shown Table ‎3-2.  
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Figure ‎3-4. (a) Extrusion force limit diagram (b) Extrusion temperature 
limit diagram of Magnesium alloy AM30 [47] 
 
Table ‎3-2. Process conditions of the simulation of hot extrusion of AM30 
 
Container Diameter (mm) 215 
Billet Length (mm) 500 
Billet Preheat Temperatures(°C) 430, 450, 470 
Die and Container Temperatures (°C) 430, 450, 470 
Ram Speed (mm/sec) 1.3, 2.5, 5 
Extrusion Ratio 22.6 
 
(a) 
(b) 
67 
 
3.5 Results and discussion 
 
The simulations of the extrusion process of “double hat”‎Magnesium‎
alloy AM30 were successfully performed for different billet temperatures 
(430°C, 450°C, 470°C) and ram speeds (1.3 mm/sec, 2.5 mm/sec, 5 
mm/sec). The objective of different numerical simulations was to analyze 
the influence of different billet temperatures and ram speeds on the 
extrusion weld zone state variables such as temperature, strain rate and 
normal stresses. Due to the symmetry of the profile, quarter of the 
simulated profile was chosen to represent two weld zones (1) and (2) as 
indicated in Figure ‎3-5. 
 
 
 
        
 
 
Figure ‎3-5. The entire mesh model of portholes and welding chamber 
filling and bearing (left) quarter of the model showing the weld zone (1) 
and (2) (right). 
 
 
(1) 
(2) 
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3.5.1 Temperature, strain rate and normal stress at different ram speeds 
and different billet temperatures 
 
The general response of the material measured by the state variables 
such as temperature, strain rate and normal stress within the weld zone (1) 
to the process conditions will be discussed in this section. However, in-
depth comparisons of the influence of different process conditions on weld 
zone (1) will be discussed in the following sections. Figure ‎3-6 to 
Figure ‎3-10 show contour plots for the state variables of the porthole and 
weld zones at different billet temperatures and ram speeds. The 
temperature, strain rate and normal stress within weld zone (1) are labeled 
a, b, c respectively.  
It is well known in the metal forming industry that 90% to 95% of 
the deformation work is converted to heat. Accordingly, it can be seen in 
temperature contour plots that the temperature increased during the 
extrusion process due to the heat generation of the metal deformation. 
Depending of the thermal conductivity of the deformed material the 
different temperature change can be observed. In case of Aluminum alloy 
an increase of the extrudate temperature is observed under typical 
conditions. However, while extrusion of copper and its alloys we typically 
observe a drop in extrudate temperature due to the value of K (thermal 
conductivity), of 401 w/m.k instead of 205 w/m.k at room temperature for 
Aluminum. Since Magnesium has K =156 w/m.k at room temperature this 
material will heat up even more during deformation than Aluminum 
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alloys.  The temperature increased as the material moved throughout the 
container and was increased rapidly at the portholes and welding chamber 
due to the high strain and strain rate of the splitting of the metal at bridges 
region and the metal joining at the welding chamber. Also, the friction 
between the metal stream behind the bridges and between the metal and 
side walls of the welding chamber and bearing land played a role in 
increase of the temperature within the weld zone. It can be observed that 
the temperature was not uniformly distributed within the weld zone. The 
temperature reached its highest value at the bearing land. In addition, the 
temperature near the core mandrel was higher than the side walls because 
of the heat loss from the die to the ambient temperature which was also 
reported in [41].  Furthermore, the increase of ram speed leads to increase 
of temperature especially at weld zone.  
The contour plots of strain rate (See Figure ‎3-6 (b) to Figure ‎3-10 
(b)) are showing non uniform distribution especially in the weld zone. 
This can be attributed to the dimensions of the portholes and welding 
chamber. The strain rate increased in weld zone towards the bearing land 
due to the high strain near the exit of the die. Accordingly, the highest 
value of strain rate was located at the beginning of the bearing land. On 
the other hand, the lowest strain rate was located at the corner of the side 
wall and die face which could be a dead metal zone. Also, small strain 
values can be observed at the beginning of metal joining in the weld zone. 
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Regarding the normal stress at weld zone (1) (See Figure ‎3-6 (c) to 
Figure ‎3-10 (c)), it can be observed from the contour plots that there was 
non-uniform distribution of normal stress at weld zone because of the 
curvatures on the geometry of the welding chamber. After the metal 
strands were splitted by the arms in the potholes, it started to re-join again 
at the beginning of the welding chamber. The normal stress was gradually 
increased until reached its highest value at the beginning of the bearing 
land which can be attributed to the welding chamber geometry that leads 
to more normal pressure from the side walls. This observation was also 
reported by Donati and Tomesani in [38]. The lowest normal pressure can 
be observed near the side wall of welding chamber where the shear stress 
was dominant due to the high friction between the metal and side wall and 
mandrel.   
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(a) 
 
 
 
(b) 
                       
 
(c) 
                       
 Figure ‎3-6. Contour plot of two weld zones showing (a) temperature, (b) 
strain rate (c) normal stress at location (1) for 430°C billet temperature and 
1.3 mm/sec ram speed. 
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(a) 
 
(b) 
 
                     
(c) 
                   
 Figure ‎3-7. contour plot of two weld zones showing (a) temperature, (b) 
strain rate (c) normal stress at location (1) for 450°C billet temperature and 
1.3 mm/sec ram speed. 
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(a) 
      
(b) 
    
(c) 
                    
 
Figure ‎3-8. Contour plot of two weld zones showing (a) temperature, (b) 
strain rate (c) normal stress at location (1) for 470°C billet temperature and 
1.3 mm/sec ram speed 
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(a) 
 
(b) 
 
(c) 
                        
 
Figure ‎3-9. Contour plot of two weld zones showing (a) temperature, (b) 
strain rate (c) normal stress at location (1) for 450°C billet temperature and 
2.5 mm/sec ram speed 
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(a) 
 
(b) 
                      
(c) 
                   
Figure ‎3-10. Contour plot of two weld zones showing (a) temperature, (b) 
strain rate (c) normal stress at location (1) for 450°C billet temperature and 
5 mm/sec ram speed.  
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3.5.2 Influence of different billet temperature on weld zone 
 
Temperature, strain rate and normal stress contour plots were 
presented in Figure ‎3-11 for different billet temperature (430°C, 450°C, 
470°C) and 1.3 mm/sec ram speed. It is obvious from temperature contour 
plots that the increase of billet temperature had a significant effect on the 
temperature distribution in the weld zone. The highest temperatures were 
located at the bearing land and towards the core mandrel. While, the 
lowest temperatures were located near the side walls of the welding 
chamber due to the heat loss with ambient temperature. The rise of 
temperatures on all cases was around 60°C to 70°C.  The minimum 
temperature within weld zone (1) was approximately 450°C in the case of 
430°C billet temperature. In contrast, the maximum temperature within the 
weld zone (1) was around 546°C in the case of 470°C billet temperature. 
Regarding the strain rate, there was no effect of different billet 
temperatures on the strain rate values because the ram speed value was a 
constant value at 1.3 mm/ sec. On the other hand it can be observed that 
normal stress decreased when the billet temperature increased due to the 
softening of the metal with the temperature and subsequent decrease in the 
required flow stress. The highest value was located near the bearing land 
in the case of 430°C billet temperature at -31 MPa where the minus sign 
indicates compresive stress. While in the highest billet temperature at 
470°C was 
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 -28 MPa due to the increase of temperature in comparison to other billet 
temperatures values. 
             
 
 
 
 
 
 
 
 
Figure ‎3-11. Comparison between temperature, strain rate and normal 
stress at weld zone (1) at different billet temperature (430°C, 450°C, 
470°C) and 1.3 mm/sec ram speed 
430°C 450°C 470°C 
(1) 
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3.5.3 Influence of different ram speeds on weld zone 
 
In the same approach of analysis used in the previous section, 
temperature, strain rate and normal stress contour plots were presented in 
Figure ‎3-12. The billet temperature was constant at 450°C in all cases. 
From the contour plot of temperature distribution at weld zone, it can be 
observed that the ram speed had a strong significant influence in the heat 
generation during the hot extrusion process. The temperatures reached 
highest values at welding camber. From the presented comparison it can 
be seen that the difference between the highest and the lowest temperature 
in weld zone is around 80°C. The highest temperature 612°C was located 
in bearing land where the ram speed was 5 mm/sec which is 20°C below 
the melting point of AM30.  
As expected and as a consequence of the increased ram speed the 
strain rate values increased. It can be observed that the highest value of 
strain rate in the case of ram speed 1.3 mm/sec was 6.5/sec in comparison 
to 25/sec in the case of ram speed 5 mm/sec.  
Regarding the normal pressures, the same behavior of increase of 
billet temperature was observed with the increase of ram speed where the 
heat generation increased as well as temperature. Accordingly, the flow 
stress value decreased and the normal pressure at the welding zone. The 
highest value was -29.45 MPa in the case of ram speed 1.3 mm/sec while 
the highest value was in the case of ram speed 5 mm /sec was -27.61 MPa.  
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Figure ‎3-12. Comparison between temperature, strain rate and normal 
stress at weld zone (1) at different strain rate (1.3 mm/sec, 2.5 mm/sec, 5 
mm/sec) and 450°C billet temperature 
 
(1) 
1.3 mm/sec 2.5 mm/sec 5 mm/sec 
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4 Physical Simulation of Extrusion Welding of Magnesium Alloy 
AM30 
4.1 Introduction 
 
There is a lack of fundamental understanding of the optimal extrusion 
process parameters, which ensure the formation of the sound extrusion 
weld. In addition, the complexity of the state of stresses, the temperature 
distribution and the strain rate within the welding chamber complicate 
further the selection of the optimal process parameters that will yield good 
extrusion welds. Therefore, many conducted studies reported in literature 
have been using numerical simulation of extrusion process specifically the 
extrusion welding. However, these studies need to be verified 
experimentally in actual laboratory and industrial process which, is time 
consuming and could be very expensive. Alternatively, some researches 
have tried to develop methods to evaluate the extrusion welding and relate 
the process parameter to the integrity of the welding. Those studies will be 
briefed in the literature review section. 
In Chapter 3, 3D numerical simulations for different extrusion 
process parameters have been presented. The results of the state variables 
from two different extrusion weld zones have given a big picture of the 
most important factors that affect the formation of the extrusion welding 
such as temperature, normal pressure and strain rate. However, there is a 
need to evaluate those values if they were sufficient to form a weld with 
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good integrity. In this dissertation, a new criterion for the quality of the 
weld integrity during the extrusion of hollow section profiles has been 
introduced based on the combination of inputs from both the numerical 
simulation and the physical simulations.  The physical simulation for 
different state variables has been conducted on Gleeble 3500 thermo-
mechanical simulator to establish the criterion and to help the verification 
of the obtained results from the numerical simulation step.   
4.2 Thermo-mechanical Simulator- Gleeble 3500      
 
Gleeble 3500 is a thermo mechanical testing system (See Figure ‎4-1) 
and was developed by Dynamic Systems Incorporated (DSI). It  is a fully 
integrated digital closed loop control system [48]. It provides a user- 
friendly interface based on Windows computer software. It has powerful 
processors that allow running and analyzing the data from the different 
thermal-mechanical tests. It has a wide range of materials tests as well as a 
process physical simulator for conductive materials. The different types of 
material testing and process simulation were listed in Table ‎4-1. 
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Figure ‎4-1. Gleeble® 3500 System developed and manufactured by 
Dynamic Systems Incorporated (DSI) 
 
Table ‎4-1. Gleeble® 3500 thermo mechanical system for materials testing 
and process simulation [48] 
Materials Testing 
 
Process Simulation 
 
 •  Hot/warm tensile testing on many 
      different specimen geometries 
   •  Hot/warm compression testing 
      – Uniaxial compression 
      – Plane strain compression 
      – Strain Induced Crack Opening 
         (SICO) 
   •  Develop stress vs. strain curves 
   •  Melting and solidification 
   •  Nil strength testing 
   •  Hot ductility testing 
   •  Thermal cycling/heat treatment 
   •  Dilatometry/phase transformation 
      – On heating and/or cooling 
      – Continuous or non-continuous 
      – Isothermal 
      – Post deformation 
   •  Stress relaxation studies 
   •  Creep/stress rupture 
   •  Fatigue 
      – Thermal fatigue 
      – Thermal/mechanical fatigue 
 
   •  Continuous casting 
   •  Mushy zone processing 
   •  Hot rolling 
   •  Forging 
   •  Extrusion 
   •  Weld HAZ cycles 
   •  Upset butt welding 
   •  Diffusion bonding 
   •  Continuous strip annealing 
   •  Heat treating 
   •  Quenching 
   •  Powder metallurgy/sintering 
   •  Synthesis (SHS) 
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4.3 Literature review 
 
There have been many attempts to physically simulate the extrusion 
welding and they were reported in literature. Zasadzinski et al. [49] have 
used a special testing die to extrude two Aluminum alloys Al-Mg-Si and 
Al-Mg-Si-Mn through a die with three openings which allowed extrusion 
of a solid section with a weld in the middle. The weld integrity measured 
by the tensile strength was tested to evaluate the location of the extrusion 
weld with a die lay-out under the same process parameters. Different 
samples were tested from the beginning, middle and end of the extrudates. 
Generally, the results showed that the mechanical properties of all samples 
were the same for three extrudates from openings. However, there were 
slight differences in the mechanical properties between the samples taken 
from different locations in the beginning, the middle or the end of the 
extrudate. All Al-Mg-Si samples failed outside of the weld area which is a 
good indication that the process parameters ensured formation of  a weld 
with good integrity. All Al-Mg-Si-Mn alloy samples failed in the weld 
area indicating poor weld integrity.  
In another study performed by Chakkingal and Misiolek [50] , they 
introduced new method to evaluate the temperature influence on the weld 
quality of Aluminum alloy AA6063. The welding physical simulations 
were conducted on Gleeble thermo mechanical simulator. They used 
different temperatures between (500 °C -550 °C). Some of the samples 
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were artificially aged and other samples were solutionized and quenched. 
The rest of the samples were retained at as welded conditions. Tensile 
tests were conducted to evaluate the temperature influence on the tensile 
strength. In conclusions, it was found that there was no significant effect 
of the temperature on quality of the welds. However, the weld zone was 
slightly weaker compared to the rest of the tested sample. 
 
The same approach of physical simulation using Gleeble system 
were used by Edwards et al. [51] where they studied the solid state 
bonding of three different Aluminum alloys, two from the Al–Mg–Si 
system - AA6060 and AA6082 as well as AA702 as Al–Zn–Mg alloy 
[52]. They compressed many samples under different strains, strain rates 
and temperatures. A new parameter to evaluate the formation of the weld 
called the surface stretching parameter ω was introduced. It measured the 
amount of new interfacial surface created during compression. Also, the 
time of bonding was taken into consideration. Metallography 
investigations were conducted to evaluate the quality of the bonding for 
different sample (See Figure ‎4-2). 
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Figure ‎4-2. Two micrographs for the solid bonding in AA6060 at 560°C 
with two  different strain rates 1/s (left) and 100/s (right) [51]   
 
They concluded that the temperature played a role in the bonding 
formation by decreasing the amount of the required compression stress. In 
addition, there were no significant differences between the bonding 
behaviors between the three alloys. However, AA6060 is strongly 
dependent on the temperature to form the bonding which required less 
compression stress for the studied value of ω. 
  In another approach used by Ceretti et al. [53] the extrusion welding 
was  physically simulated in a flat rolling process and compared to the 
obtained results from the finite element numerical simulation of complex 
shape hollow section extrudate. They concluded that the bonding 
formation not only depends on the interface pressure of the two surfaces 
but also depends on the temperature. Some micrographs presented in 
Figure ‎4-3 showing the influence of the temperature on the quality of 
bonding. 
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Figure ‎4-3. Macrographs showing the influence of the temperature on the 
solid bonding quality at (44% rolling ratio) [53] 
Welding 
line 
T=300
°
C 
Welding 
line 
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°
C 
Welding 
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T=240
°
C 
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4.4 Experiments setup 
 
The physical simulation part of this extrusion welding research was 
based on the approach developed by Chakkingal and Misiolek [50] and 
focused on utilizing thermo mechanical simulator Gleeble 3500. Two 
cylindrical samples, 8mm diameter   12 mm height, as shown in 
Figure ‎4-4  were placed against each other and uni-axial compression 
pressure was applied at specific state variables - strain, strain rate and 
temperature. The state variables for the extrusion process were established 
in numerical simulation. Then, the same state variables were used to 
design the physical simulation of the solid state bonding of Magnesium 
alloy AM 30. The objective of the experiments is to measure the required 
normal pressure that ensures good welding integrity. Therefore, the 
experiments were divided into two parts.  
 
 
Figure ‎4-4. (a) A cylinder sample (b) two samples placed against each 
other inside Gleeble 3500 
(a) 
(b) 
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4.4.1 Evaluation of the different strain values on the formation of the 
weld 
 
The first set of samples was used to evaluate six strain values (2.5%, 
5%, 10%, 20%, 25%, and 30%) of the compressed samples at lowest 
temperature of 480°C and higher strain rate 20/s. It has been reported in 
literature  [51] [53] that the higher the temperature the higher the quality 
of the weld. Also, the lower the strain rate the longer the time to form a 
good weld. So, if the good weld integrity was formed at these values, it is 
expected to form good welds at higher temperatures and lower strain rates. 
The microstructure of the interface between the two welded samples was 
characterized by light optical microscopy (LOM). After that, these 
samples were mechanically tested by micro hardness tests to evaluate the 
consistency of the hardness values across the weld line. Finally, one strain 
value was chosen for the next set of tests to measure the maximum normal 
pressure that ensures a weld with good integrity.    
The samples were machined to the required dimensions then ground 
and polished down to 6µm using alcohol based 6µm diamond suspension 
on a Struers DP-Dur cloth and alcohol based lubricant to ensure flatness of 
the surfaces. A thermocouple was welded as close as possible to the 
interface between the two cylinders to measure the temperature during the 
tests. Then, two cylinders were placed between two anvils under a slight 
force to make sure that the resistive heating through the cylinders can 
occur (See Figure ‎4-5). The Gleeble 3500 controls its own temperature, 
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strain and strain rate very well during deformation using built-in software. 
The samples were heated to 480°C at a heating rate of  8°C/s. Then the 
uni-axial compression force was applied at 20/s strain rate while the 
samples were in vacuum (<10
-1 
Torr) to remove oxygen and to avoid 
oxidization during heating.  
 
 
  
 
Figure ‎4-5. The two cylinders with attached thermocouple gripped 
between the two anvils inside Gleeble 3500 
Thermocouple 
 
Anvils 
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At the point, when required strain was achieved, the heating was 
discontinued and the force was reduced to its starting value allowed 
gripping of the welded sample. Then, the vacuum was relieved and the 
welded samples remained in the test chamber for two minutes to cool 
down to 70°C. After sample removal, the samples were labeled and stored. 
For the evaluation by the light microscopy, the samples were cut by 
diamond saw perpendicular to the welding interface. Then, the samples 
were ground, polished and etched using the same previous mentioned 
procedure in Chapter 2. After that, the samples were polished again to 
prepare them for micro hardness testing. 
4.4.1.1 Microstructure evaluation of the welded samples 
 
Micrographs were taken at the interface of the six samples that 
represented the different strain values. The objective of the 
characterization part is to see how the interface looks like in comparison to 
the characterization of the actual extrudate that was performed earlier and 
described in Chapter 2. The compressed welded samples at different 
strains and different magnifications are shown in Figures 4-6 to 4-11. 
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Sample length Diameter Displacement Strain Strain Rate Temp 
24 mm 8 mm 0.6 mm 2.5 % 20 1/s 480° C 
 
 
 
 
 
 
 
 
Figure ‎4-6.  (a) The compressed sample at 2.5% strain, 20/s strain rate, 
480° C temperature. (b) (c) Micrographs showing the weld at various 
magnifications 
 
 
(a) 
(b) 
(c) 
Voids 
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Sample length Diameter Displacement Strain Strain Rate Temp 
24 mm 8 mm 1.2 mm 5 % 20 1/s 480° C 
 
 
 
 
 
 
 
 
Figure ‎4-7. (a)  The compressed sample at 5% strain, 20/s strain rate, 
480°C temperature. (b) (c) Micrographs showing the weld at various 
magnifications 
(a) 
(b) 
(c) 
Voids 
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Sample length Diameter Displacement Strain Strain Rate Temp 
24 mm 8 mm 2.4 mm 10 % 20 1/s 480° C 
 
 
 
 
 
 
 
Figure ‎4-8. (a)  The compressed sample at 10% strain, 20/s strain rate, 
480°C temperature. (b) (c) Micrographs showing the weld at various 
magnifications 
 
(a) 
(b) 
(c) 
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Sample length Diameter Displacement Strain Strain Rate Temp 
24 mm 8 mm 4.8 mm 20 % 20 1/s 480° C 
 
 
 
 
 
 
 
 
Figure ‎4-9. (a)  The compressed sample at 20% strain, 20/s strain rate, 
480°C temperature. (b) (c) Micrographs showing the weld at various 
magnifications 
 
(a) 
(b) 
(c) 
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Sample length Diameter Displacement Strain Strain Rate Temp 
24 mm 8 mm 6 mm 25 % 20 1/s 480° C 
 
 
 
 
 
 
 
Figure ‎4-10. (a)  The compressed sample at 25% strain, 20/s strain rate, 
480°C temperature. (b) (c) Micrographs showing the weld at various 
magnifications 
(a) 
(b) 
(c) 
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Sample length Diameter Displacement Strain Strain Rate Temp 
24 mm 8 mm 7.2 mm 30 % 20 1/s 480° C 
 
 
 
 
 
 
 
Figure ‎4-11. (a)  The compressed sample at 30% strain, 20/s strain rate, 
480°C temperature. (b) (c) Micrographs showing the weld at various 
magnification 
(a) 
(b) 
(c) 
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4.4.1.2 Hardness measurements at weld zone  
 
Numerous micro hardness tests were conducted based on the ASTM 
International E384-08a -Standard test Method for Microindentation 
Hardness of Materials. The 300 gf load was placed on the indenter for 15 
sec. The indentations were placed exactly on the weld line plus additional 
measurements at 350µm and 700 µm distance from the weld line on both 
sides. The hardness profile was built taking into account three 
measurements at every location, which were averaged and plotted as 
shown in Figure ‎4-12 to Figure ‎4-17.   
 
 
 
 
Figure ‎4-12. Hardness profile across the weld zone of the welded sample 
at 2.5% strain, 20/s strain rate, 480°C temperature. 
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Figure ‎4-13. Hardness profile across the weld zone of the welded sample 
at 5% strain, 20/s strain rate, 480°C temperature. 
 
 
 
 
Figure ‎4-14. Hardness profile across the weld zone of the welded sample 
at 10% strain, 20/s strain rate, 480°C temperature. 
 
 
30
35
40
45
50
55
60
-800 -700 -600 -500 -400 -300 -200 -100 0 100 200 300 400 500 600 700 800
H
ar
d
n
e
ss
 V
al
u
e
 [
H
V
] 
 
Distance from the welding line in (µm) 
30
35
40
45
50
55
60
-800 -700 -600 -500 -400 -300 -200 -100 0 100 200 300 400 500 600 700 800
H
ar
d
n
e
ss
 V
al
u
e
s 
[H
V
] 
Distance from the welding line in (µm) 
99 
 
 
 
 
Figure ‎4-15. Hardness profile across the weld zone of the welded sample 
at 20% strain, 20/s strain rate, 480°C temperature 
 
 
 
 
Figure ‎4-16. Hardness profile across the weld zone of the welded sample 
at 25% strain, 20/s strain rate, 480°C temperature 
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Figure ‎4-17. Hardness profile across the weld zone of the welded sample 
at 30% strain, 20/s strain rate, 480°C temperature. 
4.4.1.3 Discussion of the microstructure and hardness value results for 
weld line and its vicinity 
 
 
The micrographs of different strain values are shown in Figures 4-6 
to 4-11. Many voids along the weld line can be seen in Figure ‎4-6 and 
Figure ‎4-7 which represent strain values of 2.5% and 5% respectively. 
These voids are indication of a weak weld and consequently poor weld 
integrity. Accordingly, the hardness profiles of the same samples (See 
Figure ‎4-12 and Figure ‎4-13) showing drop in the measured hardness 
values at the weld line. The hardness values at the weld line for 2.5% 
strain sample were averaged at 44 HV while the rest of the values are 
between (48-50) HV. Also, the hardness values at the weld line for 5% 
strain sample were averaged at 46 HV while the rest of the values are 
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between (53-55) HV. Therefore, the drop and inconsistency of the 
hardness values at the weld line can be attributed to the apparent presence 
of voids at the weld line which is an evidence of poor weld integrity.  
Good weld integrity is expected for samples presented in Figure ‎4-8 
and Figure ‎4-9. There are no voids and the presented microstructure is in a 
good agreement with the micrographs of the weld line of the actual 
extrudate that was characterized early in Chapter 2 (See Figure ‎2-11 and 
Figure ‎2-12). In addition, the hardness profiles for the same samples 
presented in Figure ‎4-14 Figure ‎4-15 were consistent across the weld zone 
in both samples. The hardness values for the 10% strain sample were 
between (53-55) HV while, in the 20% strain sample was between (54-56) 
HV. All values were in good agreement with the hardness profiles which 
were reported in Chapter 2 for the actual extrudate. (See Figure ‎2-23). 
Micrographs of the 25% and 30% strain samples look promising at the 
weld zone as well as the hardness profiles however, both samples started 
to buckle during compression as shown in Figure ‎4-10 (a) and 
Figure ‎4-11(a). Consequently, an inclined weld line started to form where 
the shear stresses played a role in the formation of the weld. However, the 
objective of this experiment was to measure the normal pressure at the 
interface. Therefore, these higher strain experiments are not fully valuable. 
Based on the previous results and analyses, 20% strain exhibited the best 
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strain to ensure good weld integrity and has been chosen for the next set of 
experiments despite of some challenges during compression test. 
4.4.2 Measurements of normal pressure at 20% strain  
 
In the previous section, an evaluation has been performed for 
different strain values. Based on the analyses, 20% strain has been 
selected to measure the normal pressure at different temperatures and 
different strain values. These state variables were chosen according to 
typical values of the numerical simulation of the extrusion of Magnesium 
AM30 at the weld zones which was reported in Chapter 3. The objective 
of the previous set of experiments was to evaluate different strain values 
whereas the objective of this set of experiments is to measure the 
maximum normal pressure at 20% strain that ensures good weld integrity 
for various temperatures and strain rates. Physical simulation experiments 
for the extrusion weld based on compression of two faced cylinders for 
three temperatures 480°C, 500°C, 550°C and three strain rates 1/s, 10/s, 
20/s were performed. The experiments were performed under the same 
setup conditions as previous tests. 
4.4.2.1 Results and discussion 
 
The normal pressure values were measured during the compression 
tests for 20% strain at various temperatures and strain rates. All normal 
pressure values were plotted versus strain in Figure ‎4-18 to Figure ‎4-20. 
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Figure ‎4-18. Normal pressure vs strain at 480°C, 1/s, 10/s, 20/s strain rates 
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Figure ‎4-19. Normal pressure vs strain at 500°C, 1/s, 10/s, 20/s strain rates 
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Figure ‎4-20. Normal pressure vs strain at 550°C, 1/s, 10/s, 20/s strain rates 
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The behavior of the normal pressure in all of the previous figures was 
similar to the  behavior of the hot compression stress of Magnesium alloys 
that has been reported  in literature [7][31][54][55][56][57][47][44]. The 
values of compression stresses are in agreement with three studies of 
modeling the flow stress of Magnesium alloy AM30 [57][47][44]. 
However, the reported values were at lower temperatures below 450°C. It 
is well known for metals that the higher temperature the lower the metal 
strength obtained from the compression or tensile tests. Also, the higher 
the strain rate the higher the compression stress needed for deformation. 
The maximum normal pressures values are represented in Figure ‎4-21. 
These values will be used for building a new criterion for the extrusion 
welding quality in Chapter 5. 
 
Figure ‎4-21 Maximum normal pressure as a function of strain rates for 
temperature 480°C, 500°C, 550°C. 
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5 New criterion for extrusion welding quality 
 
5.1 Introduction 
 
The quality of the longitudinal welds in the extruded hollow shapes 
is precisely influenced by the pressure, temperature, velocity of the 
material inside the welding chamber and bearing land geometry of the die. 
Sound extrusion welding takes place if the necessary pressure value for a 
given temperature is applied within the welding chamber for a sufficient 
length of time. In this work a new criteria based on physical and numerical 
simulation is applied to the hot extrusion of Magnesium Alloy AM30 and 
its application can be extended to numerous metals and alloys. 
The proposed extrusion welding criterion is different than the 
previous criteria in a few different ways. It is applicable and practical once 
the peak of normal pressure at the weld interface has been defined in the 
physical simulation. The previous criteria required an experimental work 
for each process parameters of the actual extrusion process which is very 
expensive and labor intensive. However, the proposed physical simulation 
is relatively simple, practical and does give good predictions for the actual 
process. In addition, the proposed criterion will help in saving time and 
expenses in the die design process. 
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5.2 Literature review  
 
Most of studies focused on the seam weld quality are using pressure 
in weld chamber to quantify weld quality [58]. Donati et al. [38] have 
summarized the different methods and quantified the welding quality into 
three categories: 1) maximum pressure by R. Akeret [19] , 2) pressure-
time by M. Plata and J. Piwnik [37]  and 3) pressure-time-flow by L. 
Donati, and L. Tomesani [59]. Akert  [19] have stated that the maximum 
pressure inside the welding chamber must be greater than the critical 
pressure value (PCrit). 
                                          Pmax =max(Pi) > Pcrit                       Equation ‎5-1 
Where, Pi is the pressure of i-th element inside the weld chamber and PCrit 
should be established experimentally for a specific profile, which makes 
this approach not very practical. In another study Bourqui et al. [60] from 
Alcan have proposed that, the critical value is ratio of pressure inside the 
weld chamber Pweld  to pressure at die entrance Pd and it must be greater 
than 0.5. 
                                           Pweld > 0.5 Pd                                                    Equation ‎5-2 
Plata and Piwnik [37] have proposed pressure-time weld quality criterion 
by taking the time integral of the ratio of contact pressure (p) and effective 
stress (Q) along the welding path. The time here is the required contact 
time along a welding path from the start of the material contact until it 
exits the die bearing land. 
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                                              ∫
 
 
 
 
                                                               Equation ‎5-3                                                                                                 
Donati and Tomesani [38] have modified Plata and Piwnik criterion by 
including the velocity factor making a new integral of the length integral 
of the ratio of the pressure (p) to the effective stress (Q) and it should 
exceed a critical value that would be determined experimentally.  
                                           ∫
 
 
 
 
     ∫
 
 
 
 
                                       Equation ‎5-4 
Both mentioned above criteria need an experimental work effort for every 
extruded profile shape which is not practical in industry since there is a 
huge number of an extruded alloy into various shapes. 
Parallel to the physical modelling and analyses that has been 
summarized in the previous chapter; the Finite Element Method (FEM) 
has been widely used in the extrusion process design and optimization. 
Numerical simulation by FEM provides information about localized 
process state variables such as temperature, strain, strain rate and stress 
which can be properly calculated step by step throughout the entire 
process.  However, solid state bonding such as in extrusion welding was 
not taken into account in the past by the developers of most FE  packages 
[53][61].‎ ‎For‎instance,‎although‎DEFORM‎™‎is‎one‎of‎the‎most‎widely‎
used commercial software packages finite element analyses of bulk metal 
forming processes, it was not capable of predicting weld formation and 
weld integrity in the extrusion process. Furthermore, it was not capable of 
generating the local state variables at extrusion welding interfaces. E 
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Ceretti et al.  [62] have discussed this deficiency and developed an 
automatic procedure algorithm, which has been implemented into 
DEFORM 2D software. However, the developed method only modifies 
the simulation of the welding seam and it cannot generate localized state 
variables. Xu and Misiolek [61]  have proposed a new modelling method 
to overcome this software limitation and has applied it to Magnesium 
alloy AZ31. A so-called pressure plate was virtually inserted in the 
interface of the extrusion welding seam by attaching it to the porthole 
die’s‎short‎mandrel‎as‎shown‎in‎Figure ‎5-1. 
 
Figure ‎5-1. The developed model Fixed Pressure Plate in DEFORMTM 2D 
simulation [61] 
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The pressure plate played a role of a sensor and recorded all the 
process information at the extrusion welding line. Analytical methods 
were utilized to study the data collected from this sensor to evaluate the 
probability of the formation of the sound extrusion welding seam. 
Furthermore, the Plata and Piwnik [37] criterion, Equation ‎5-5 , which is 
the‎ratio‎of‎the‎normal‎pressure‎(P)‎to‎effective‎stress‎(σ)‎was‎employed‎in‎
this work for data analysis. However, the results showed high noise 
because of the fixed step number used during the simulation. Accordingly,  
Alharthi et al. [63] have modified a model proposed by Xu and Misiolek 
model. The same approach was used but the noise has been minimized. 
The modified model has a changing number of steps during the ram travel 
along the pressure plate in the extrusion direction. Also, the average 
values of state variables were taken for around 700 steps (See Figure ‎5-2) 
 
Figure ‎5-2. The normal pressure and effective stress distribution on the 
pressure plate between the metal streams at ram speed 1.98 mm/sec and 
billet temperature 460°C [63]                                                                                           
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The following conclusions based on the performed numerical simulations 
by Alharthi et al. [63] and verified by experimental data published in 
literature [38] have been formulated: 
1) Normal pressure and effective stress distributions within the 
welding chamber and die bearing land is not uniform due the joining 
of the two metal strands.‎The‎normal‎pressure‎and‎effective‎stress’‎
values decrease along welding chamber and bearing land toward die 
exit which can be attributed to the complexity of the state of the 
stress at the beginning of the joining process.  
2) In the beginning of the joining of metal streams within the welding 
chamber, the ratio of normal pressure to effective stress which is 
related to the welding quality is low, and then it rises clearly for a 
short distance then stays constant.  
3) As the billet temperature increase, the normal pressure and the 
effective stress decrease in a very similar manner within the welding 
chamber‎ and‎ die‎ bearing‎ land.‎ However,‎ the‎ P/σ‎ ratio‎ almost‎
remains constant up to the die exit. 
4) The normal pressure and effective stress increased with increasing 
ram speed. However, there is a slight decrease‎in‎the‎P/σ‎ratio. 
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5.3 New proposed criteria for evaluation the extrusion weld quality  
 
All previous criteria presented in literature  [19] [37] [38] [58] [59] 
were based on the ratio of normal pressure to the effective stress. It was 
represented that the time integral of this ratio or the length integral should 
exceeds a critical value (Ccrit), which should be verified experimentally for 
actual process making it cost ineffective and time consuming.  
As reported in the literature [19] [37] [38] [58] [59], the normal 
pressure has the strongest influence of the formation of the extrusion 
welding and in this approach the shear stress was neglected due to its 
small contribution in comparison to the normal stress. In addition, the ram 
speed and the temperature have strong influence on weld integrity and 
should not be neglected. 
Basically, the new proposed criteria are based on the numerical 
simulation of the hot extrusion and the experimental physical modeling of 
the deformation welding phenomenon. From the results of numerical 
simulation performed with HyperXtrude
TM
 software, the state variables 
temperature, strain rate and normal pressure of selected path in the weld 
zone plane including welding chamber and bearing land   (See Figure ‎5-3)  
were averaged and compared with the physical simulation results. 
In Chapter 4, the maximum normal pressure values that ensured 
formation of a good weld, which were obtained for different strain rates 
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and temperatures. The results as well as process conditions are 
summarized in Table ‎5-1 for physical simulation tests.  
        
Figure ‎5-3. The path of tracking the different state variables of 
temperature, strain rate and normal pressure 
Table ‎5-1. Maximum normal pressure values from physical simulation of 
extrusion weld for Magnesium alloy AM30 for different strain rate and 
temperature 
Strain Rate (1/s) 
Temperature (C) 
480 500 550 
1 24.89 (MPa) 22.90 (MPa) 14.89 (MPa) 
10 37.26 (MPa) 34.93 (MPa) 24 (MPa) 
20 45.78 (MPa) 41.14 (MPa) 27.76 (MPa) 
5.4 Results and discussion 
 
The averaged values of temperature, strain rate and normal pressure 
of selected path were obtained from HyperView
TM
 and are presented in 
Figure ‎5-4 to Figure ‎5-8  
 
Path of tracking 
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Figure ‎5-4. Predicted FEM values - temperature, strain rate and normal 
pressure profiles across the weld zone and their average values for ram 
speed 1.3mm/sec and billet temperature of 430°C 
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Figure ‎5-5. Predicted FEM values - temperature, strain rate and normal 
pressure profiles across the weld zone and their average values for ram 
speed 1.3mm/sec and billet temperature of 450°C 
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Figure ‎5-6. Predicted FEM values - temperature, strain rate and normal 
pressure profiles across the weld zone and their average values for ram 
speed 1.3mm/sec and billet temperature of 470°C 
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Figure ‎5-7. Predicted FEM values - temperature, strain rate and normal 
pressure profiles across the weld zone and their average values for ram 
speed 2.5mm/sec and billet temperature of 450°C 
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Figure ‎5-8.  Predicted FEM values - temperature, strain rate and normal 
pressure profiles across the weld zone and their average values for ram 
speed 5mm/sec and billet temperature of 450°C 
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The averaged results of temperature and strain rate for all obtained values 
from the numerical simulation were projected in Figure ‎4-21 in the 
previous chapter. The flow stress model showed a linear relationship with 
a different strain rate values for different temperatures (See Figure ‎3-3). In 
this criterion, an assumption was made to consider the relation between 
the normal pressure and strain rate for a specific temperature as linear. 
Based on the numerical simulation results of selected path, the average 
values of normal pressure, strain rate and temperature have been obtained. 
The same average values of strain rate and temperature from the numerical 
simulation were used as input to obtain the normal pressure in the physical 
simulation experiments. Since the physical simulation (See Figure ‎4-21) 
was not able to provide all data points for all state variables due to lack of 
the experimental material, the normal pressure value was interpolated. 
Consequently, if the average value of the normal pressure from the 
numerical simulation was greater than the interpolated value from the 
physical simulation or within the margin of ( 1 MPa) that meant 
formation of good extrusion weld. It is worth mentioning that the physical 
simulation values were based on maximum normal pressure value. 
Therefore, this margin of error was assumed at 5% in the numerical 
simulation or in physical simulations. The results of the proposed criterion 
for five cases with different process conditions are summarized and 
compared to ensure good weld integrity Table ‎5-2 and Figure ‎5-9. 
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Table ‎5-2. The results of the proposed new extrusion welding criterion  
 
Case 
No 
Process 
conditions 
Average 
Temp. 
(C) 
Average 
Strain 
Rate 
(1/s) 
Average 
Normal 
Pressure 
(MPa) 
Interpolated 
Normal 
Pressure 
(MPa) 
Weld 
Integr-
ity? 
1 
430°C 
1.3 
mm/sec 
496 1.97 25.05 25.76 Yes 
2 
450°C 
1.3 
mm/sec 
513 2.14 24 22.42 Yes 
3 
470°C 
1.3 
mm/sec 
530 2.13 22.58 19.38 Yes 
4 
450°C  
2.5 
mm/sec 
543 4.10 23 19.28 Yes 
5 
450°C  
5 mm/sec 
584 8.10 22.43 22.07@550 Yes 
 
 
 
Figure ‎5-9. Comparison between FEM simulation and the interpolated 
values of normal pressure 
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As it can be seen from the data presented in Table ‎5-1 that all cases 
which have been simulated by HyperXtrude
TM
 software had formed a 
good weld. In all these cases, the experimental results have exhibited 
positive results proving that the process conditions were sufficient enough 
to guarantee weld integrity. However, this criterion cannot predict the 
exact normal pressure that ensures the good weld. However, based on 
physical simulation results and the obtained values from the FEM 
simulation we can foresee qualitatively that formation of good weld will 
occur. Due to the limited amount of Magnesium alloy AM30 since it is not 
a commercial alloy yet, a set of experiments using 40 samples was 
performed. For more precise comparison values, more physical 
simulations tests are needed. Also, this criterion can be applied to any 
metal alloys using the same approach. A subroutine can be written and run 
in conjunction with HyperXtrude for weld integrity tracking during a 
transient simulation. Finally, the proposed work is less expensive than 
industrial trails and less time consuming than other criteria [19] [37] [38] 
[58] [59]. 
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6 Summary, Conclusion and Future work 
 
A comprehensive analysis of the extrusion welding of Magnesium 
alloy AM30 was performed using multiple approaches. The objective was 
to achieve a better understanding of the extrusion welding phenomenon 
and to evaluate the quality of extrusion welding specifically in Magnesium 
alloys.  Microstructure characterization and mechanical testing for an 
industrial‎ “double‎ hat”‎ extrudate‎ of‎ Magnesium‎ alloy‎ AM30‎ were‎
conducted and are described in Chapter 2.  This was done using different 
techniques such as Light Optical Microscopy (LOM), Electron 
Backscattered Diffraction (EBSD) and micro hardness testing.  
Furthermore, in Chapter 3, numerical simulation of hot extrusion for a 
“double‎ hat”‎ of‎ Magnesium‎ AM30‎ for‎ various‎ process‎ conditions‎ was‎
performed using a commercial finite element based software 
HyperXtrude
TM
.  Accordingly, in Chapter 4, physical modeling of 
extrusion welding for different process conditions based on the numerical 
simulation predictions for Magnesium alloy AM30 was performed using 
the thermo-mechanical simulator Gleeble® 3500. The microstructure 
characterization and mechanical testing were conducted for the physically 
modeled samples.  Finally, a new criterion for evaluating the extrusion 
welding quality based on the numerical simulation and the physical 
modeling outcomes was proposed and applied to Magnesium alloy AM30. 
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The following sections will summarize the results in a form of conclusions 
from the performed studies. 
6.1 Microstructure Characterization of AM30 and Mechanical Testing 
 
 
The objective of this part of the performed studies was to focus on 
the integrity of the welding area of the industrial hollow profile of 
Magnesium alloy AM30 in terms of microstructure and mechanical 
testing. 
During the investigation, a microstructure characterization was 
conducted for the regions in the vicinity of the extrusion weld by using a 
light optical microscope - Olympus® Nikon. Furthermore, additional 
analysis was performed using electron backscatter diffraction (EBSD) 
technique on Hitachi 4300SE/N scanning electron microscope to study the 
orientation map of the grains and the average grain sizes in the extrusion 
welding regions in comparison to the microstructure of the pre-extruded 
billet. 
In terms of mechanical testing, micro hardness tests were performed 
in different regions around the weld. The focus was on the hardness 
profiles for three samples: A - sample from the pre-extruded billet, B - 
sample from location (A), which contains a weld with good integrity, C - 
sample from location (C), which contains a characteristic weld line. 
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Based on the performed studies, the following conclusions were made: 
 Two types of extrusion welding were observed: one without a 
visible weld line, which indicates the preferred extrusion 
welding, and the other with a weld line. 
 The formation of straight and tortuous weld lines in the extrusion 
weld zone depends on the velocities of the two neighboring 
strands entering the weld zone, their surface roughness, and the 
level of applied stresses.  
 During the hot extrusion of the double hat profile, dynamic 
recrystallization occurs especially inside the welding chamber 
and‎around‎the‎weld‎line‎causing‎“necklacing”‎of‎a‎small‎grains‎
around the weld line. 
 Due to the noticeable temperature gradient within the portholes 
and welding chamber, the grain growth differs from location (A) 
to location (C) in the analyzed profile. 
 There is a significant microstructural response to extrusion 
conditions measured by the average grain size. The pre-extruded 
billet, which was homogenized by extrusion, has small grains of 
5.3 µm in diameter.  However, the average grain size at the weld 
zones is 32 µm while the weld line is present.  The small grains 
formed at the vicinity of weld line on average are 12 µm in 
diameter but there is very high percentage of very fine grains 
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between 2 and 6 µm.  A good weld without a characteristic weld 
line has much bigger grains of  93 µm in diameter.   These values 
lead to different hardness levels and consequently different 
mechanical properties in different locations in weld vicinity. 
However, in every tested sample the hardness profile shows 
consistent values across the weld zone. 
 Different grain orientation maps are observed for all evaluated 
samples. The pre-extruded material shows 〈    〉 orientation, 
while the sample with good weld integrity shows strong 〈  ̅ ̅ 〉 
orientation also, the sample with a pronounced weld line shows 
〈   ̅ 〉 orientation.  
 The difference in crystallographic orientations in various types of 
welds could be explained by the dynamic recrystallization taking 
place during the extrusion. However, this very complex 
metallurgical phenomenon needs further in-depth investigations.  
6.2 Numerical Simulation of “Double Hat” Magnesium Alloy AM30 
Extrudate 
 
Numerical simulation of the hot extrusion of Magnesium alloy AM30 
using HyperXtrude
TM
 software was performed.  The objective of this 
study was to determine the influence of different ram speeds and billet 
temperatures on the state variables such as temperature, strain rate and 
normal pressure within the welding chamber. The results of numerical 
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simulations were used to design the physical modeling experiments of the 
extrusion welding, which have been presented in Chapter 4.  In addition, 
the state variables of the performed simulations have been used in the new 
criterion for evaluating the quality of extrusion welding for Magnesium 
alloy AM 30 (Chapter 5).  The simulations of the extrusion process of 
“double hat”‎ Magnesium‎ alloy‎ AM30‎ were‎ successfully performed for 
different billet temperatures (430°C, 450°C, 470°C) and ram speeds (1.3 
mm/sec, 2.5 mm/sec, 5 mm/sec) 
 
From this effort, the following conclusions were made:  
 The increase of billet temperature as well as heat generated due 
to friction and deformation have a significant effect on the 
temperature distribution within the weld zone. 
 The temperature increases rapidly within the portholes and 
welding chamber because of the high localized strain and strain 
rate values during metal splitting at bridges and re-joining within 
the welding chamber. 
 The temperature is not uniformly distributed within the weld 
zone and reaches its highest value at the bearing land near the 
core mandrel because of the high strain and lower heat loss in 
comparison to the material near the outer side walls of the 
welding chamber. 
128 
 
 Strain rate has non uniform distribution especially in the weld 
zone and increases in weld zone towards the bearing land due to 
the high strain and high velocity near the exit of the die. 
 The highest value of strain rate is located at the beginning of the 
bearing land. On the other hand, the lowest strain rate was 
located at the corner of the welding chamber side wall and die 
face which could represent a dead metal zone. 
 There is non-uniform distribution of normal stress at weld zone 
because of the curvature of the geometry of the welding 
chamber. 
 The normal stress is gradually decreased from its highest value at 
the beginning of the bearing land. 
 The lowest normal pressure can be observed near the side wall of 
the welding chamber where the shear stress is dominant due to 
the high friction between the flowing metal and stationary 
chamber’s‎side‎wall‎and‎a‎mandrel.‎‎ 
6.3 Physical Simulation of Extrusion Welding of Magnesium Alloy 
AM30 
 
In this dissertation, a new criterion for the weld integrity during the 
extrusion of hollow profiles has been introduced based on the combination 
of inputs from both the numerical and the physical simulations.  The 
physical simulation for different state variables has been conducted on 
129 
 
Gleeble 3500 thermo-mechanical simulator to establish the optimal 
welding conditions and to help the verification of the obtained results from 
the numerical simulation step. 
The objective of the experiments was to measure the required normal 
pressure that ensures weld integrity. Therefore, the experiments were 
divided into two parts. The first set of samples was used to evaluate six 
strain values (2.5%, 5%, 10%, 20%, 25%, and 30%) of the compressed 
samples at lowest temperature of 480°C and higher strain rate 20/s. From 
the first set, one strain value was chosen for the next set of tests to 
measure the normal pressure that ensures a good integrity weld. It was 
expected that if the lowest temperature and the highest strain rate resulted 
in good weld integrity, the same should happen for less beneficial 
conditions of higher temperature and lower strain rate.  The second set 
was used to measure the normal pressure at different temperatures and 
different strain values at 20% strain. A physical simulation experiments 
for the extrusion welding based on compression of two faced cylinders for 
three temperatures 480°C, 500°C, 550°C and three strain rates 1/s, 10/s, 
20/s were performed. 
From this effort, the following conclusions were made: 
 Many voids are present along the weld line in the compressed 
samples at strain values of 2.5% and 5%. These voids are an 
indication of a weak weld and consequently poor weld integrity at 
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these strain conditions. The hardness profiles of the samples show 
drop in the measured hardness values at the weld line. 
 Good weld integrity is predicted for the compressed sample at 10% 
and 20%.  This expectation is supported by microstructure 
observation and hardness measurement. There are no void along the 
weld line and the hardness values are consistent across the weld 
zone. 
 The compressed samples at higher strains of 25% and 30% look also 
very promising. There are no voids along the weld line and the 
hardness profiles are uniform, however both samples started to 
buckle during compression.  The deformation conditions exceeded 
permissible strain for these tests. 
  The higher the strain rate the higher the flow stress needed to 
deform the material. Accordingly, there is a need for die design 
optimization to ensure a uniform strain rate distribution within the 
weld zone. 
6.4 A new criterion for extrusion welding quality 
 
A new criterion for evaluating extrusion welding quality based on 
physical and numerical simulation is proposed for the hot extrusion of 
Magnesium Alloy AM30. The proposed application can be extended to 
other metals and alloys and requires following of the same test algorithm. 
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The new extrusion welding criterion is different from the previous criteria 
in a few ways. It is applicable and practical once the peak of normal 
pressure at the weld interface has been established in the laboratory 
physical compression test. The previous criteria required an experimental 
work for each set of process parameters for the actual industrial extrusion 
process.  This approach is very expensive and labor intensive. The new 
proposed criterion is based on the numerical simulations of the hot 
extrusion and the experimental physical test of the deformation welding 
phenomenon such as compression test. From the results of numerical 
simulation performed using HyperXtrude
TM
 software, the state variables 
such as temperature, strain rate and normal pressure for the selected path 
in the welding zone (including welding chamber and bearing land) were 
averaged and compared with the physical simulation results.  
From this effort, the following conclusions were made: 
 All cases covered by this study were simulated by 
HyperXtrude
TM
 software and confirmed good weld integrity 
while following requirements of the new extrusion welding 
criterion. 
 The proposed criterion cannot predict directly the exact 
normal pressure that ensures a good weld. However, based on 
physical simulation results and the obtained values from the 
132 
 
FEM simulation we can foresee qualitatively if the formation 
of good weld will occur. 
 This criterion can be applied to all metals and alloys.  
6.5 Future work 
 
As an extension to this research effort, there are areas where an additional 
work should be performed to allow better understanding of the 
engineering science applied to extrusion welding of various materials: 
 For more precise assessment of mechanical properties, tensile tests 
are recommended for different extrusion welding types.  
 Fatigue tests should be performed to understand the influence of the 
cyclic loading on life of the extrudate containing extrusion welding. 
 Additional microstructure characterization using Transmission 
Electron Microscopy to better analyze the differences between the 
crystallographic orientations within the weld zones should be 
performed. Transmission Electron Microscopy is used to assist in 
defining whether the recrystallized grain is still free of dislocations 
or it has been exposed to further deformation that could change the 
crystallographic orientation. 
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 The numerical simulation of hot extrusion should be performed for 
different process conditions in transient analysis to study the 
influence of changing of the state variables during extrusion. 
 With sufficient data from the physical test, subroutine code 
including the new criterion can be applied in conjunction with a 
transient FEM simulation.  This could help to evaluate the 
extrusion welding for every FE element in the weld zone at 
different time step during the extrusion. 
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